Differential cross section for the reactive scattering of deuterium atoms by hydrogen molecules - Cross sections for the excitation of Na/3 2P/ by collisions with internally excited molecular hydrogen, deuterium and nitrogen by Krause, H. F.
SPACERESEARCHCOOR NTER 
YDROGEN MOLE: S SECTIONS 
OR THE XClTATlON 
LLlSlONS WITH INTERNALLY EXCITED 
MOLECULAR HYDROGEN, 
DEUTERIUM AND HYDROGEN 
BY 
HERBERT FRANCIS KRAUSE 
https://ntrs.nasa.gov/search.jsp?R=19710066205 2020-03-11T21:14:33+00:00Z
The Space Research Coordination Center, established in May, 1963, has the following functions: (1) it ad- 
ministers predoctoral and postdoctoral fellowships in space-related science and engineering programs: (2) it makes 
available, on a p p 1 i c a t i  o n and after review, allocations to assist new faculty members in the Division of the 
N a t u r a l  Sciences and the School of Engineering to initiate research programs or to permit established faculty 
members to do preliminary; work on research ideas of a novel character; (3) in the Division of the Natural Sciences 
it makes an annual allocation of funds to the interdisciplinary laboratory for Atmospheric and Space Sciences: 
(4) in the School of Engineering it makes a similar allocation of funds to the Department of Metallurgical and 
Materials Engineering and to the program in Engineering Systems Management of the Department of Industrial 
Engineering; and (5) in concert with the University's Knowledge Availability Systems Center, it seeks to assist 
in the orderly transfer of new space-generated knowledge in industrial application. The Center also issues pe- 
riodic reports of space-oriented research and a comprehensive annual report. 
The Center is supported by an Iustitutional Grant (NsG-416) from the National Aeronautics and Space Ad- 
ministration, s t r o n g l y  supplemented by grana from the A. W. Mellon Educational and Chadtable Trust, the 
Maurice Falk Medical Fund, the Richard King Mellon Foundation and the Sarah Mellon Scaife Foundation. Much 
of the work d e s c r i b e d  in SRCC reports is financed by other grana, made to i n d i v i d u  a1 faculty members. 
DIFFERENTIAL CROSS SECTION FOR THE REACTIVE SCATTERING 
OF DEUTERIUM ATOMS BY MYDRQGEN MOLECULES: CROSS 
SECTIONS FOR THE EXCITATION OF Na(3*P) BY COLLISIONS 
WITH INTERNALLY EXCITED MOLECULAR HYDROGEN, 
DEUTERIUM AND MITROGEN 
BY 
Herbert, Francis Krause 
B.S.,  Drexel InstitufUe of Technology, 1965 
Submitted -to t h e  GradGak Faculty of A r t s  and 
Sciences i n  p a r t i a l  fu l f i l lment  o f  the 
requirements f o r  t h e  degree of 
Doctor. of Philosophy 
University of Pit tsburgh 
1970 
ACKNOWLEDGEMENTS 
The author wishes to express his gratitude to Professor 
W. L. Fite for suggesting the studies contained in this document. 
His insight and willing counsel contributed immeasurably to the overall 
guidance of these projects. The expert advice of Mr. R. T. Brackmann 
on assorted technical aspects of these studies wa3 greatly appreciated. 
Very special thanks are due Dr. J. Geddes for 
efforts in the D + H2 study. 
The writer also wishes to acknowledge 
Dr. J. E. Mentall in designing and performing 
a q l l  his collaborative 
the collaboration of 
the first of the 
sodium excitation rate measureaents. The unselfish efforts of 
Dr. J. Fricke in accumulating velocity selected data and additional 
rate data expedited the most recent of the excitation transfer 
laboratory work. The helpfulness of a l l  graduate students and 
laboratory personnel in miscellaneous ways has not been forgotten. 
The skill and patience of Miss Cynthia Gasnha throughout typing 
was sincerely appreciated. 
I 
The editorial assistance and kind UnderStalndiAg of my 
bride, Carolyn contributed very significantly to the completion sf 
this wcrk. Considering underlying indebtedness to my family for 
constant encouragement it is appropriate Lo dedicate this thesis 
to the Krause family. 
This wsrk was supported by the National Aeronautics and 
Space Administration under grant No. HGL-39-Qll-Ol3 and by the 
Advanced Research Projects Agency under contract No. DA-31-l24-ARO-u-440 
ii 
PART ONE 
A MODULATED GROSS BEAM STUDY OF THE REACTION 
D + H2 +- MD 9 H 
1 
5 
A. Cryogumped Fourth Stage..... ................... 15  
B. Ionizer Getter-Pumped F i f t h  Stage..,.. ......... ' 23 
G. Neutral P a r t i c l e  Detection.,. . . . . . . . . .  ......... 26 
I V .  EXPERIMEIV%'AL PROCEB~E0.D.b.4.......0.......e..... 28 
V. RESULTS AND DISCUSSIQN...... ....................... 33 
V I .  COMCLUSIONS.....*..**.~~*.*~.,..*~.**.~".~~~*...*.. 6.1. 
A. Appendix 3.Aa Apparatus Dimensions............. 
B. Appendix l B .  Angular Dis t r ibu t ion  Analysis .... 
62 
65 
2. F0r~ae..* 75 
(A) .  Kinemakis Fosmdae and Conventions.. e 76 
(€3). Distr ibut ion Faanction Relakions. ..... 81 
3, Numerical Solution of S(0,' Oa = n /2)for 
Delta, Function Dis t r ibu t ion  Functi.onas...... 83 
iii 
i v  
Page 
( B ) .  SUBROUTII'JE DIFFQ.... ............... 92 
( C  ) . SUBROUTINE SIGNAL. ................. 92 
( D ) .  SUBROUTINE WEIGHT. ................. 93 
C.  Appendix 1 C .  Analysis of t h e  Velocity Infor- 
mation... . . . . . . . . . .  ............ 105 
D. Appendix 1D. Calibrat ion o f  t he  E la s t i c  D i f -  
f e ren t ia l  Cross Section Measure- 
mentSe(.......D.....~.~~,*.*~*. 112 
E. Appendix 1E.  Cal ibrat ion of t h e  Reactive D i f f -  
e ren t ia l  Cross Section Measure- 
merits.*.........".............. 117 
BIBLIOGWHY.......,......a.e..e 120 
PART TWO 
CROSS SECTIONS FOR T H E  EXCITATION OF N E L ( ~ ~ F )  BY COLLISIONS 
WITH INTEHgALLY EXCITGD MOLECULAR HYDROGEN 
DZUTERIUM AND NITROGEN. 
A. Basic Confiiguse~'ion ............................ 
B. Velocity-Selected Configuration.., . . ,  e o . e s . * . a o  
A. Vacuum Syst$m..o....o~......~* ................. 
€3, Molecular Beam SoUrce..e..O.....O.JI...c.ar..... 
C. Atomic Beam Sowce. , . .  ......................... 
E. Optical. System and Associzted Electranics...... 
F. Velocity Selectors . . . . . . . . . . . .*~.~.~". . , . . . . . . . .  
1. VelociCy Analyzer .......................... 
2. Csarse V e l ~ c l t y  Selector,,.,...,. .......... 
122 
125 
129 
132 
1 9  
a34 
135 
139 
1 4 1  
142 
14 5 
1%- 
155 
G . Molecular Source Analysis ....................... 
1 . Procedure ................................... 
IV . .  EXPERIMENTAL PROCEDURE ................................. 
A . Basic Confi.uration ............................... 
B . Velocity-Selected Configura.ion ................... 
v . 
VI . 
R.ULTS ............................................... 
CONCLUSIONS ........................................... 
A . Appendix 2A . Apparatus Dimensions ................ 
B . Appendix 2B. Evaluation of Ss from t h e  . Known Cross 
Section for Resonant Absorption-Fluor- 
escence ............................. 
C . Appendix 2C . Experimental Determination of the 
Reactiol; Rate Constant .............. 
D . Appendix 2D. Analysis of the Exci ta t ion  Results ... 
1 . Evaluatisn of t h e  Kinetic Factors  fear t h e  
Basic CQnfigu..tion ............................ 
2 . Evalua t ion  of the Kinetic Factors for  the 
Velocity-Selected Configuration ................ 
BIB.IOGRAPHY ................................................. 
V 
Page 
159 
161 
167 
167 
170 
172 
209 
211 
214 
217 
219 
224 
227 
242 
FIGURE CAPTIONS 
Figure 1.1: 
Figure 1.2:  
Figure 1.3: 
Figure 1 .4 :  
Figure 1.5: 
Figure 1.6: 
Figure 1.7: 
Figure 1.8: 
Figure 1.9: 
Figure 1.10: 
Figure 1.11: 
Figure 1.12: 
Sketch of t h e  experimental apparatus i n  t h e  beam 
plane. A block diagram of t h e  s igna l  processing 
equipment is also shown....., ................... 
.Velocity diagram f o r  HD formed i n  the  react ion 
D + H2 -+ HD + H (-1 and f o r  sca t te r ing  of 
undissociated HD impurity in the  D atom beam(---) 
Cutaway view of the  o u t f i t t e d  l i qu id  helium four th  
s tage i n  the  v e r t i c a l  plane..... .................. 
Cutaway view of the  ionizer  getter-pumped f i f t h  
stage. This s tage is located i n  Chamber Three.... 
Page 
6 
8 
18 
24 
Angular d i s t r ibu t ion  of detected HD. 
curve has been calculated f o r  Assumptions ( 2 . )  and 
(2 ) ;  see t ex t .  
e n t i a l  cross sect ion w a s  performed by comparing 
mass t b i e e  reac t ive  s ignals  with e l a s t i c a l l y  
sca t te red  mass two s ignals . .  ...................... 
The so l id  
Absolute ca l ibra t ion  of t h e  d i f f e r -  
34 
Most probable ve loc i ty  diagrams fa r  D + H2 -t HD + H 
and DH + H2 -c DH + H2' The measured HD ve loc i t i e s  
were determjned fram a.c. signal. phases. .......... 35 
Comparison of experimental da ta  w i t h  s igna ls  calcu- 
l a t e d  f o r  AEH= 0 acfi CM Enguiar d i s t r ibu t ions  of 
t h e  f o m  cos M f 8  - 180 1 ...................... 42 
Most probable r eac t ive  ve loc i ty  diagrams f o r  two 
simple cross sec t ion  energy dependences when AE = 8 45 
Most probable reac t ive  vebocity diagrams f o r  a 
simple s t ep  functi.on above ac t iva t ion  energy and 
AE = 0, .06, -12 e v e . o l . . o o . . e . . . . . . . . . . . . . . ~ . * ~ . . .  46 
Conparison of the  experimental angiiLar dis ts ibu-  
t i o n  of Geddes, Krause and F i t e  with t h a t  of Datz 
and Taylor ....................................... 48 
Comparison of the  experimental center-of-mass an- 
gular  d i s t r ibu t ion  with theory. Distr ibut ions 
considered i n  ex1perpnta.b analysis  are of the  
functional form cos ( M ( 8  - a80 1 ................. 51 0 
Log-lag p l o t  of the  symmetric angular d i s t r ibu t ion  
for D + H2 -+ D + H2......B.0111...0.............. 54 
vi 
vi i 
Page 
Figure 1.13: Comparison of the two simplified reactive cross 
section energy dependences employed in experi- 
mental analysis with classical theory for 
H + H2 + H2 + H.................lC............. 
ferential scattering apparatus. ................ 63 
59 
Figure 1A.1: Essential dimensional definitions for the dif- 
Figure 1B.1: Velocity diagram f o r  the general case. Positive 
directions for angles are defined by arraws.... 66 
Figure 1B.2: General in-plane velocity diagram illustrating 
subdivision of the target-detector soLia angle 
into microcosmic solid angles.. ................ 84 
Figure 1D.1: Average center-of-mass differential cross section 
Figure 2.1: 
Figure 2.2: 
Figure 2.3: 
Figure 2.4: 
Figure 2.5: 
r- 
Figure 2.6: 
for D + H2 + D + H2 inferred from the laboratory 
signals by removing from the data, signal contri- 
butions duc to H on D; see text................ 115  
2 
Sketch of the experimental arrangement. 
figure does not show light baffles used to dimin- 
ish light originating from the tungsten furnace.. 127 
The 
Schematic diagram for the photomultiplier shown 
with the block diagran of the signal processing 
equipment.. ...................................... 144 
(a). 
velocity selector. (b) Diagram illustratian of 
the rotor mfsalignnent on velocity calibrations.. 148 
Unrolled graph for 8 hypothetical dual rmge 
Slot phase and spacing disrgram for %he ro tor  of 
the seven disk dual range velocity analyzer. All 
dimensions are expressed in inches............... 152 
Unrolled graph for the dual range coarse velocity 
selector. Symmetry about the reference slot 
implies identical characteristics for primary and 
sub-hamonic pa-s-bands in either the forward or 
reverse direction., .............................. 158 
Sketch of the experimental arrangement for velocity 
analysis of the molecular source; a block diagram of 
the signaab processing equipment is shown......... 1.60 

i x  
Page 
Figure 2D.3: Temperature-velocity functions B calcu- 
lated using c ross  sec t ion  (2.21)Y”The experi- 
mental data have been f i t t e d  far a weighted 
superposit ion of these  functions... . . . . . . . . . . .  
Figure 2D. 4 : Temperature-veloc i t y  functions BV calculated 
using c ross  sec t ion  (2.21). 
data have been f i t t e d  f o r  a weighted superposi- 
t i o n  of these  funct ions. . . . . . . . . . . , . . . . . . . . . , .  
The Bxperimentd 
Figure 2D.5: Temperature-velocity funckions B calculated v o  using cross  sec t ion  (2,21) ,  
da ta  have been f i t t e d  f o r  a weighted superposi- 
t i o n  of these functisns....................... 
The &xperimental 
Figure 2 ~ . 6 :  Temperature-VeLocity functions B calculated v o  using cross  sec t ion  (2.22). 
data have been f i t t e d  for a weighted superposi- 
t i o n  of these functiQns....................,.... 
The &xperimental 
Figure 2D.7: Temperature-velocity functions Bv calcul,ated 
using cross  sec t ion  (2.22) 
data have been f i t t e d  f o r  a weighted superposi- 
tion of these functions. . . . , . . . . . . . . . . . . . . . . . . .  
The 4xperimentaL 
Figure 2D.8: Temperature-velocity functions B calculated v o  using CFBSS section (2.22). 
da ta  have been f i t t ed  for  8 weighted superpssi- 
t i a n  of these rUn6tions.,..n...1.8............. 
 he gwperimentah 
Figure 2D.g: Temperature-velocity functions Bv calculated 
using G ~ O S S  sect ion (2.22) e 
data Awe beer, f i t z e d  f o r  a weighted suparpasi- 
t i o n  of these functisns......................... 
The &xperimental. 
235 
236 
237 
238 
239 
240 
241 
LIST OF TABLES 
Page 
Table 1.1: 
Table 1.2: 
Table 1.3: 
Molecular hydrogen partial pressures in Chambers 
Three and Four for assorted cryopmp operating 
condi%ions................................a...... 21 
D + H2(J) -+ DH(J') + H Endothermicities for values 
of J appropriate for the experimental conditions. 
Entries where AE/EO << 1, represent those J, J' 
combinations where the AE/E = 0 angular distribu- 
tion solution applies..... ........................ 38 
Distribution of rotational states in the H2 cross 
beam asswing equilibrium of rotational degrees of 
freedom at, room temperature ....................... 40 
Table lA.l: Reabtive Geometry. ............................... 62 
and program listing... ........................... 95 
energy de-gzndence (IB. 33). ....................... 107 
Table 1B.L: Equivalences of mathematical and FORTRAN variables 
Table 1C.1: Tabulation ~f integral (1C.2) for cross section 
Table 1E.1:  Tabulated varia3les required for calibrating the 
reaFtive cross section with respect to the elastic 
croks section normalized to total e r ~ s s  ection 
measurements................1..................... 13.9 
Table 2.1: 
Table 2.2: 
Table 2.3: 
Table 2.4: 
Table 2.5: 
Taable 2.6: 
Table 2.7: 
Pmpkng speed results.. ............................ 136 
Specifications of the dual range velocity analyzer. 
3-56 Specifications of t he  coarse dual range velocity Sga .~CtQr.C.I.....0..........~... 
Calculated number density transmission of the dual 
range analyzing velocity seiector for a Maxwell- 
hltzmaran nitrogen distribution (2400 K) ........... o 166 
1 +  
Q 
X C vibrational energy l~~els.................... 182 
Basic configuration calculated results for hydrogen 
using cross section (2.213. ........................ 189 
Basic: configuration calculate2 results for deuterium 
using crcxs section (2.21) ......................... 190 
X 
x i  
Page 
Table 2.8: Basic configuration calculated r e s u l t s  f o r  
nitrogen using cross  sect ion (2.21). ...... 
Table 2.9: Basic configuration calculated r e s u l t s  f o r  
hydrogen using cross  sect ion (2.22). . . . . 
Table 2.10: 
Table 2.11: 
Table 2.12: 
Table 2.13: 
Table 2.14: 
Table 2.15: 
Table 2A.1: 
Table 2A.2: 
Basic configuration calculated resul ts  for 
deuterium using cross  sect ion (2.221 ...... 
Basic conf igtlration c a l c u a t e d  results for 
nitrogen w i n g  cross sect ion (2.22). ...... 
Reaction energy defec ts ,  A E-E 
vibra t iona l  energy t ransfer . . .  ............ for  pure Q’ 
Quenching cross  sect ions calculated from 
excjt-ation, c ross  sect ions f o r  veloci ty  de- 
pendence (2-22)  using microscopic r eve r s ib i l i t y . .  
Effect ive c3Llision cross  sections f a r  quench- 
ing sf Nn(3 P> ................................ 
Comparison of theo re t i ca l  r e s u l t s  fo r  Na(3 P> 
quenching by M with those deduced from exper- . All cross.. imentah excita&.oa cross s 
sect ions are expressed i n  
the  po la r i zab i l i t y  assumed i n  the Bauer e t  a l .  
th~xlv...*.......,......,~.~. 
2 
fi5Yns a represents 
Basic Configuration ........................... 
Velocity Selected Configusation ............... 
191 
192 
193 
194 
199 
202 
204 
205 
211 
213 
DIFFERENTIAL CROSS SECTION FOR THE REACTIVE SCATTERING 
O F  DEUTERIUM ATOMS BY HYDROGEN MOLECULES: CROSS 
SECTIONS FOR THE EXCITATION OF Ns( 32P) BY COLLISIONS 
WITH INTERNALLY EXCITED MOLECULAR HYDROGEN, 
DEUTERIUM AND NITROGEN 
Herbert F. Krause 
University of Pi t tsburgh,  1970 
Advisor: W. L. F i t e  
The reac t ion  D + H + HD + H has been invest igated i n  a 2 
modulated crossed beam experiment u t i l i z i n g  thermal energy beams. 
The d i f f e r e n t i a l  s ca t t e r ing  cross sec t ion  f o r  reac t ive ly  formed HD 
w a s  measured and the mean ve loc i ty  of detected HD was determined 
v i a  phase spectrometry. These measurements ind ica te  t h a t  reac t ive  
co l l i s ions  i n  t h e  “5.cinity of reac t ion  threshold are of the  d i r e c t  
type with the  HD generally prefer r ing  t o  be sca t te red  i n  a d i rec t ion  
an t i -pa ra l l e l  t o  t h a t  of t h e  at tacking atom without s ign i f i can t  
i n t e r n a l  exc i ta t ion .  For the  purpose of ca l ib ra t ing  t h i s  c ross  
sec t ion  absolutely,  the  d i f f e r e n t i a l  cross  sec t ion  for  D + H2 + 
D + H w a s  s tudied and normalized to t h e  known t o t a l  cross  sect ion.  
The reac t ive  c ross  sec t ion  w a s  estiacated t o  be of order d2 by 
comparing d i f f e r e n t i a l  s igna l s  of t h e  reactive and e l a s t i c  processes. 
The empirical results of t h i s  study are i n  general  agreement with 
theo re t i ca l  calculat ions performed by Mscha and Kasplus e t  d. 
2 
I n  another series of experiments, t h e  c o l l i s i o n a l  exc i ta t ion  
2 of Na(3 P )  by M2, B2 and N2 w a s  studied using modulated thermal 
energy crossed beams and sodium D r ad ia t ion  was detested.  I n  one 
configuration the effective excitation rate constants for these 
molecules were determined and these rates were studied as a function 
of molecular beam temperature. 
molecular beam was velocity selected and the production of Na(3 P) 
was observed as a function of molecular beam velocity and temperature. 
Excitation cross sections determined as a function of initial 
molecqar vibrational state for translationaa and vibrational temper- 
atures of order 1500'K and 300'K indlcate that excitation is most 
efficient when the electronic energy is supplied purely by molecular 
internal energy. The energy transfer efficiency is smaller by 
about one order of magnitude when molecular internal energy and 
the kinetic energy at' collision couple ts supply the energy of exci- 
tation. 
from excitation cross sections via microscopic reversibility are in 
agreement with those determined in quenching studies carried out at 
high temperatures. 
the theory of Bauer, Fisher and Gilmore and  slightly poorer agreement 
with the theory of Bgerre and Nikitin. 
In a second configuration the 
2 
Effective cross sections for the inverse process derived 
Results for N2 are in general agreement with 
PART ONE 
A MODULATED CROSS BEAM STUDY 
D I- €I2 +HD + 
OF THE R U C T I O N  
H 
I. INTRODUCTION 
The r eac t ive  s c a t t e r i n g  o r  rearrangement sca t t e r ing  o f  
hydrogen atoms by hydrogen molecules H 9 H2 -+ H2 + H o r  i t s  i so topic  
va r i an t s  i s  of fundamental importance from a chemical k ine t i c  view- 
point .  The elementary character of t h i s  bimolecular reac t ion  makes 
it an excel lent  t e s t i n g  ground f o r  theor ies  of chemical reac t ion ,  
Consequently it has been t h e  QbJect of many t heo re t i ca l  and experi- 
mental invest iget ions.  
The first attempts t o  ca lcu la te  a chemical reac t ion  rate 
stenas from t h e  i n i t i d .  work of London who attempted t o  use t h e  H2 
e lec t ronic  wave funckion derived by Heitler and London i i n  consider- 
a t i o n  o f  the H, problem. 
t o  t h i s  problem in the  last  f o r t y  y e w s  n o t  only i n  an e f f o r t  t o  
ca lcu la te  t h e  H 
more recent ly  t o  ca lcu la te  the d i f f e r e n t i a l  r eac t ive  sca t t e r ing  
Many inves t iga tors  have applied themselves 
i 
p0tentia.L surface and t h e  reac t ion  rate but a l s o  3 
cross sect ions for t h e  i so topic  react ions.  
From t h e  reaction dycmics viewpaint, t h e  m c s t  i n t e r e s t i n g  
s tudies  have bseaa carried out ch ie f ly  by Marplus and co-workers. 
a semi-empirical LQndsn-Eyring-Polani-~ato (LEFS ) po ten t i a l  
t r a j ec to ry  c a l c d a t i o n s 2  were performed for  H + H~ as a function of 
t h e  r e l a t i v e  k ine t i c  energy and rotational.  and v ib ra t iona l  states 
U s i n g  
c l a s s i c a l  
of D,vnmjcally, t h e  reac t ion  followed a simple and 
1 
2 
d i r e c t  character w i t h  t h e  H 
than 3 x sec.  ( shor t  l i v e d ) ,  Aside from showing t h a t  t h e  
average H, complex d i f f e r s  from a, l i n e a r  t r a n s i t i o n  configuration 
reac t ing  configuration l i v i n g  shor te r  3 
3 
by 20° t o  30°, Monte Carlo averaging 
dependent cross sect ions i n  terns of 
estimated, 
I n  a follow up study Karplus 
enabled the  k ine t i c  energy 
i n i t i a l  H s t a t e s  t o  be 2 
and Tang3 calculated 
quantum mechanical d i f f e r e n t i a l  cross  sec t ions  f o r  various i n i t i a l  
states of H 
Wave Born approximation f o r  variolas simplifying assumptions of t h e  
using t h e  same po ten t i a l  AS befs re  i n  the  Distorted 2 
incoming atom-molecule in te rac t ion .  While t h e i r  t o t a l  cross  see- 
t i o n s  i n  t h i s  study rose more sharply than i n  the  c l a s s i c a l  
s tud ies ,  t h e  authors in fer red  t h a t  quantum e f f e c t s  are not very 
important. 
Another quantum mechanical study of the  previous type t h a t  
4 4 deserves mention i s  t h e  work of Micha an I) 6 H 
addi t ion t o  H + H2 e 
s i ap l i fy ing  assumptions i n  carrying out t h e  so lu t ion  were d i f f e ren t .  
and H + D2 i n  2 
5 The approach w a s  s i m i l a r  t o  Karplus but the  
Di f f e ren t i a l  and integrated cross  sec t ions  were a l s o  reported.  
Experimentad progress QA t h e  H problem has somewhat 3 
The bulk type react ion rate para l le led  the  theo re t i ca l  advances. 
constant as a function of temperature (with t r ans l a t iona l  motions 
of r e a c t m t  atoms and molecules following a Maxwell-Boltzmann 
d i s t r ibu t ion )  w a s  measu-sed as ear ly  as 1930 for the  para-to-ortho 
reac t ion  H + p-B2 + 0-H2 + H by A. Farkas. Other  work 
exploi t ing t h e  thermal conductivity difference between ortho and 
6 
3 
para hydrogen f o r  detect ion purposes 
va r i an t  hydrogen react ions have been 
employing various techniques between 
followed,  he iso topic  
8 examined by many workers 
250% and 75OoK. The rate 
fo r  D 9 H -+ HD .$ H has been reported f o r  a non-Maxwell-Boltzmann 
d i s t r ibu t ion .  These experiments have provided much needed bulk 
information about the hydrogen react ions;  however, extract ion of 
even t h e  integrated cross sec%ion from t h e  rate data is not 
possible  e lo At best, given a particuladt- set  of reac t ion  model 
assumptions, these  data can determine only rigorous bounds on 
t h e  energy dependence of t h e  reac t ive  cross  section. 
2 
Recently, attempts have been made t~ study the  hydrogen 
reac t ion  dynamics i n  t he  laboratory using the  well known cross  beam 
d i f f e r e n t i a l  s ca t t e r ing  technique, the  power of which has  been 
demonstrated w i t h  reacLiicdns involving alkali m e t d  species and 
t h e i r  salts which can be detected by highly e f f f c i en t  surface 
ionizat ion de tec tors ,  Despite the need f o r  de ta i led  hydrogen 
reac t ion  in fomat ion ,  data have been slow t o  accumulate because 
t h e  present ly  known most e f f i c i e n t  and p rac t i ca l  means of detect ing 
neut ra l  hydrogen (e lec t ron  impact) i s  beeween two and three 
orders  0% magnitude less e f f i c i e n t  than t h e  surface ionizat ion 
technique 
The pioneering MaxwelLian hydrogen C:FQSS beam experiments 
were performed by Datz and Taylor’’ on 3 b. H2 + HD -+ H and 
+ HD 9 D. While both of these 
+ D2 
by signal-to-noise d i f f i c u l t i e s ,  t h e  
an HD Laboratory angular d i s t r ibu t ion ;  t he  
Brackmann and Pi%eI2 on H 
experiments were hampered 
D d. H2 experiment yielded 
4 
H + D2 experiment d i d  not y i e ld  an angular d i s t r ibu t ion .  
experiments desp i te  t h e i r  r e l a t i v e  success o r  f a i l u r e  appeared t o  
confirm the  theo re t i ca l  notion t h a t  the reac t ion  proceeds through 
a shor t  l i v e d  react ing configuration (compared t o  i t s  ro t a t iona l  
t i m e )  and tha t ,  a t  center-of-mass temperature of order 1500 K ,  
the  reac t ive ly  formed HD appeared t o  depart  from t h e  "complex" 
(very favorably) i n  a d i rec t ion  an t i -para l le l  to the di rec t ion  
of approach of t he  atomic species,  
Both 
0 
t he  
The 
t h e  
D + H reac t ion  was se lec ted  for  stuciy in %his laboratory.  
following sections descr ibe an experiment. whish i s  similar 
approach of Datz and Taylor. 
2 
to 
11. PRINCIPLES OF EXPERIMEIT 
When a ground s t a t e  D atom co l l ides  with en H molecu1.e t h a t  2 
is possibly ro t a t iona l ly  exci ted,  the atom may be elastically, in- 
elastically or reac t ive ly  sca t te red .  The r eac t ive  procEtss, replace- 
ment of t h e  H - H bo& by an H - D bond, f o r  vraeticaE purposes, 
t akes  place when t h e  r e l a t i v e  kioetic energy exceeds the reaction 
threshold. The center-of-mass (CM) dessr ipt im of the collision 
near setsction ZhreshQld appears in (1.1) 
The co l l id ing  partners h a w  i n i t i a l  relstAvs ~ ; m e n t m ,  1p1, and 
f i n a l  r e l a t i v e  rnomentim Ip' 1 .  The rotational excitation of the 
randomly oriented i n i t i a l  and f i n a l  mrslacules is labeled by F- 
and E respect ively.  
J 
J' 
If 3 differexatis1 scattering experiment is performed i n  
can be seasonably w e l l  defined and if p' can be which p and 
measwed, it is possible to deduce t: and whether t h e  D-H-H J S  
configurakisn is short  03" long liver? conparred t o  its rotational.  
period, The d i f f e r e n t i a l  cross ssctior yielded m a y  be compared 
t o  t h a t  calculated by t h e  t h e o r ~ t t i ~ i t i a s .  Ira t h i s  way t h e  
v a l i d i t y  of the in te rac t ion  potential .  for the cojliding species  and 
of t h e  apprsximart,ions introduced i n  salviag the many body pmblem 
may be checked if t he  expeshen tak  error is ideal* 
The hydrogen chemical reaction experiment designed and per- 
fctrmed in t h i s  laboratory with these  goals i n  mind i s  representea i n  
Fig$ 1.1, D atoms are produced by thermal dissacfaticm i n  a tungsten. 
5 
6 
7 
furnace operating up t o  3000°K i n  t he  first of three d i f f e r e n t i a l l y  
pumped vacuum chambers. 
chopper wheel located i n  Chamber Two i n  order t h a t  the HD r e su l t i ng  
from co l l i s ions  w i t h  H2 and D can be distinguished froan vacuum system 
re s idua l  mass three p a r t i c l e s  during subsequent phase sens i t i ve  detec- 
t ion .  
a liquid-helium-cryopumped four th  chamber, w i t h i n  which t h e  d.c. H2 
beam crosses the  modulated D beam. The mass spectrometric de tec tor  
r o t a t e s  about t he  beam in t e r sec t ion  point i n  t h e  plane of t h e  two 
crossed beams. The ion izer  of t he  mass spectrometric detector  i s  
T h i s  atomic beam i s  modulated by a mechanical 
A f t e r  entering the  t h i r d  chamber, t h i s  beam passes through 
enclosed i n  a titanium-getter-pumped liquid-nitrogen-cooled f i f t h  
chamber t o  reduce the background Wa pressure which is a severe source 
of noise  i n  the experiment. The H beam is cooled t o  l i q u i d  nitrogen 2 
temperature before issuing through a multichannel cr inkly f o i l  nozzle. 
The very dense H2 ' s e a  i s  removed through condensation on l i qu id -  
helium-cooled surfaces  i n  t h e  four th  charcber. Neither beam is 
velocity-selected and t h e  k i n e t i c  temperatures of t h e  reac tan ts  i n  the 
center-of-Eass coordinates are i n  a very narrow range around 1500 K. 0 
I n  prpc t ice  $ and E 
herent i n  the experiment implies t h a t  the center-of-mass (CM) and 
laboratory (LAB) frames of reference are d i f f e ren t .  It i s  convenient 
t o  consider the  reac t ion  i n  ve loc i ty  space t o  fully understand the  
experimental implications. 
shown i n  Fig. 2.2. 
probable LAB ve loc i ty  of those D atoms coming from the  2800°K thermal 
are w e l l  defined but the asymmetry in- J 
Consider tho simplified ve loc i ty  diagram 
The vector A 0  e s sen t i a l ly  represents  t he  most 
8 
9 
source w i t h  energies i n  t h e  CM system grea te r  than the known activa- 
t i o n  energy' f o r  the reac t ion  D 9 H2 -+ HD + H. (Vector BO, the  
most probable LAB ve loc i ty  o f  t h e  liquid-nitrogen-cooled H2 i s  s m a l l  
compared w i t h  AQ.) CO represents  the ve loc i ty  of the center-of-mass f o r  
W r eac t ive  co l l i s ions .  Applying conservation of l i n e a r  
and product HD have no 
2 
momentum and ener 2 
i n t e r n a l  energy, t h e  s o l i d  circle is found t o  be t h e  locus of r e c o i l  
v e l o c i t i e s  f o r  w) i n  the CM coordinates. The pa r t i cu la r  r e c o i l  velo- 
c i t y  EC has a laboratory ve loc i ty  EQ, HB recoi l ing  wi th  either ve loc i ty  
FC OF EC would be detected at a LAB angle B ,  but t h e i r  detected velo- 
c i t i e s  wotd.ii be d i f f e ren t  and hence dis*inguishable. Tangents t o  the  
r e c o i l  c i r c l e  passing through 0 def ine the LAa3 angles farthest re- 
moved from A0 a t  which reac t ive  HD could be measured f o r  t h e  energet ics  
assumed f o r  t h i s  discussion. 
assuming the  i n i t i a l  H 
A mmSJor problem in. t h i s  experiment is coping wi th  the .5$ HD 
impurity present i n  the  U2 admitted t o  t h e  atomic source. Although 
d issoc ia t ion  runs around 95%, t h e  undissociated Ha impurity can, on 
elastic sca t t e r ing  fron t h e  H2 t a r g e t  beam, give modulated HB s igna ls  
comparable t o  
pa r t i cu la r ly  at s m a l l  laboratory angles. 
i n  Fig. 1.2 where the ve loc i ty  diagram f o r  elastic KD + H 
imposed on t h e  reac t ive  diagram. 
probable ve loc i ty  of impurity IKD simultaneously emitted from the 
furnace, The center-of-mass i s  located a t  6' for t h i s  system. HD 
the expected s i g n a l s  from HI4 fosaed i n  t h e  reac t ion ,  
The d i f f i c u l t y  is demonstrated 
2 is super- 
Here, vector A I 0  represents  the most 
scattered w i t h  ve loc i t i e s  GC' and HC' a l s o  appear at LAB angle 8.  
10 
The ac tua l  signal. observed i n  a measurement can be a superposit ion of 
four HD signals:  
CM system (vector  EO 1 ; (b 1 react ion product emitted generally backward 
i n  the CM coordinates (vector FQ); ( c )  impwi%y XJa sca t te red  forward in 
(a) reac t ion  product e a i t t e d  g e n e r d l y  f a m a d  i n  the 
%he CM coordinates (vector G Q ) ,  m a  (a)  impurity HI;) " h a d  sphere" 
sca t te red  backward i n  CM coordinates (vector RQ). 
t o  d is t inguish  between these contributions, 
It. is necessasy 
There are th ree  pr incipal  tests that, have been applied f o r  d i s -  
t inguishing e l a s t i c  and reactive ED. F i r s t ,  the  HB s ig r .d s  can be 
s tudied as a func t ion  of LAB angle f o r  d i f f e r e n t  temperatures of t h e  
atomic furnace. A t  any given angle t h e  r eac t ive  s ignals  shoaa1.d rise 
with increased furnace temperature s ince %he B concentration increases; 
e l a s t i c  HD signals decrease w i t h  increased d issoc ia t ion .  Therefore, 
predominance of one process over another can be determined f o r  a given 
LAB angle. 
SecondS knowledge o f  t he  angular distribution o f  the D, €El9 
and D signals at d i f f e r e n t  temperatures can be utilized t o  understand 
the d i f f e ren t  features of r eac t ive ly  scattered wd) and e l a s t i c a l l y  
sca t t e red  D, HB, and D w i t h  regard ta angadlax d i s t r ibu t ion  shape and 
r e l a t i v e  d5.fferentia.l CTQSS sect ions.  Argatments can be constructed 
concerning t h e  p ~ ~ ~ ~ ~ i ~ a ~ ~ e  of reac t ive  versus elastic sca t t e r ing  at a 
given angle from d i r ec t  measurements of t he  r e l a t i v e  number dens i t i e s  
a% t h e  three ~ o ~ ~ ~ ~ e n t  primary beam for a given furnace temperature. 
2 
2 
Third, the w a n c i t i e s  of t h e  MB can be estimated without vels- 
Since the e l a s t i c a l l y  and re- c i t y  analysis  usins phase spectrometry, 
11 
ac t ive ly  sca t te red  HD leave the point of beam i n t e r sec t ion  w i t h  d i f -  
f e r en t  speeds, t h u s  giving r ise t o  different; times-of-flight t o  t h e  
de tec tor ,  d i f f e ren t  lock-in amplif ier  a.c. s igna l  phases are measured. 
Knowledge of the phases as a function of LAB armgle, t h e  chopping 
frequency,the experimental geometry and the average ve loc i t i e s  of' 
D, Kz), and D2 af the  direct beam enables t h e  react ion H1) veloc i ty  t o  
be estimated. This  exercise  is of value not only for dist inguishing 
reac t ive  and e l a s t i c  ID but a l s o  i n  ver i fying t h a t  the s igna ls  are 
predominantly forward or backward sca t t e rea  molecubes i n  t h e  CM system. 
With the  reac t ive  lFIB s igna l  proparby iden t i f i ed ,  the in-plane 
laboratory angular d i s t r ibu t ion  o f  s igna ls  (LAB d i f fe ren t ia l  cross  
sec t ion)  may be compared w i t h  t heo re t i ca l  s igna l s  calculated from 
various postulated CN d i f f e r e n t i a l  cross sec t ionso  Th i s  e n t a i l s  
nmerica1.l.y evaluating the expression f o r  the  experimental y ie ld ,  
S(B) i n  the cross  beam plane. T h i s  expression is given by 
1 
where e ( v  ) i s  the  detect ion e f f ic iency  f ac to r  after numbas dens i ty  
detect ion has been considered; Av is the  beam in%ersect ion volume; the  
1 
i = 1,2 are the  bem number dens i t i e s ;  f(v. )dv i = l , 2  are t h e  ni9 I 1 i9 
12 
I 
Mamellian ve loc i ty  d is t r ibu t ions ;  v is t h e  r e l a t i v e  ve loc i ty '  , v1 is r 
3 -b 
the  laboratory r e c o i l  ve loc i ty  for the  detected species;  w and w' are 
t h e  centes-sf-mass incident  and r e c o i l  v e l o c i t i e s ,  and da (wl, 
1 1 
-+ +' 
"1 
I 
awl afi 
-+- +f 
1 is t he  CM d i f f e r e n t i a l  cross sea t ion  for the  wb -* w sca t t e r ing  event. 
The CM di f fe ren t iaL cross sec t ion  deduced i n  t h i s  manner can and has 
been compared w i t h  t heo re t i ca l  predict ions.  
Etaidently, an  expression similar 5s (1.2) e x i s t s  f o r  the e l a s t i c  
s ca t t e r ing  o f  D by HZe If t h e  e l a s t i c  laboratory angultrr d i s t r ibu t ion  
and the  t o t a l  s ca t t e r ing  cross  sec t ion  for these events are known, the 
r a t i o  of measured react ive- to-elast ic  signals may be used t o  estimate 
t h e  absolute magnitude o f  the  reac t ive  cross section, T h i s  exercise  
also has been carried out and t he  r e s u l t s  have been compared w i t h  
theory e 
111. EXPERIMENTAL APPARATUS 
13. $12 The previous inves t iga tors  of the hydrogen chemical reac t ion  
have found t h a t  the  main problem w i t h  detect ing the product neut ra l  
p a r t i c l e s  arises from t h e  simultaneous ion iza t ion  of vacuum system 
res idua l  gas i n  the  ionizing region, 
t he  d.c. residual. gas ion current  can deteriorate t h e  signal-to-noise 
r a t i o  of t h e  modulated neu t r a l  p a r t i c l e s  being detected.  
The a,c. shot noise component of 
For t h i s  reason i t  was t h e  product MD nolecules m d  not the  H 
9 atoms which were detected.  
the MD 
132e Even i n  the case of HD detect ion with i on i za t i on  carried out 
simply i n  Chamber Three, there  i s  a large b ~ ~ ~ ~ ~ ~ ~ a ~ ~  signal due t o  
the  high p a r t i d  pressure of El ( 5  x 10 Presumably t h i s  
a r i s e s  from the  D atoms which &stiract hydrogen frvm the  adsorbed 
gases on the  Chamber Three wiabLs after passing c4.eanly through Cham- 
ber Four. 
The M backgro-md current  is  l a rge r  than 
9 
background due t o  d issoc ia t ive  ionization of res idual  M 8 and 2 
9 
-8 Torr, 1 
In  an i n i t i a l  attempt t o  overcome t h e  BD background problem, 
ionizat ion was ef fec ted  ins ide  Chamber F s w  where t he  in> p a r t i a l  pres- 
sure would be expected t o  be qui te  low. 
impurity i n  ccjmescia~ grade w 
less than l:lQ 
the  D atoms that could be sca t t e red  from t h e  primary beam and tha t  
abs t r ac t  hydrogen from t h e  cryapae91p walls are estimated to be capable 
of producing an UI p a r t i d  pressure s m a ~ e s  than (a). 
This  is because (a) the HD 
used i n  thc.crossgd beam was found to be 
2 
3 -6 and the H2 pressure was l e o s  than 10 Tors. and (b) 
13 
1 4  
For t h i s  f i r s t  attempt, e lectrons from a hot cathode in Cham- 
ber Three were transported through the base of: Chamber Four and 
col lec ted  in a ligtlid-nitrogen-sooaed Faraday cup located at t h e  top  
of that  chamber. 
in te rsec t ion  region w a s  free t o  r o t a t e ,  w i t h  t h e  ion optics and mass 
f i l t e r  located in Chamber Three, about a pivot passing through the 
This  gun located 4 s m e  r a d i a l l y  from the beam 
reac t ion  region, 
!Two difficulties were encountered with this setup. F i r s t ,  
t h e  e lec t ron  gun became: unstable after operating f o r  a f e w  minutes i n  
the  liquid-heliaam-cooled cavi ty .  This  was attributed to the charging 
up of t he  gun lenses which presmabw, on cooling by rcbdfad&ion, became 
covered w i t h  a f i b  af i ce .  Secondly, these w a s  a .large mass three 
background cu r ren t  which ha3 to be a t t r ibu ted  to H 
t h e  long f l i g h t  path froan the  ionization region to t-he mass filter 
mouth by the  gas phase reacLion H 
4- 
ians formed during 3 
+ w* c H .  2'H2 3 
9 
The second and successful approach to the  problem of' reducing 
t h e  w) background w a s  t o  ion ize  i n  Chamber Three and then  enclose the 
i o n i z e r  in a separate d i f f e r e n t i a l l y  pumped c h ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ *  
end a l i q u i d - n i t r o g e ~ - ~ ~ o ~ e d  titanium-getter-pumped chamber w a s  can- 
s l ructed.  
better than  ,,e8 and 
tioras. 
ment t ha t  have been u t i l i z e d  i n  the successful effsrt; now will be 
described more fully. 
To t h i s  
The partial pressuses of H2 and HD in t h i s  chamber were 
~orr, respect ively under experimental conai- 
The vacum components, beam sources and neutral  detection equip- 
A* CRYOPUMPEB FOURTH STAGE 
The basic three-stage vacuum system described by Glendenning 13 , 
Ott14 
lated crossed beam experiments using beam number densities of order 
10 perticlesdcm The use of photon or neutral par t ic le  detectors 
with phase lock electronics might well be used i n  s-riudying collision 
cross sections as small as 3-0 cajn wi th  adequate signal-to-noise 
ratio, The D + H reactive process has a cross section 0%" s i m i l a r  
magnitude but  the bss i s  system is inadeqieate for t h i s  reaction, 
and Kauppila15 is capable of perfomiaag neutral-neutral modu- 
9 3 
-a6 2 
2 
Three major difficulties are  as foilaws: 
(A) The use of thermal. beams for studying %he reaction 
implies that less than  ne D atom in ten enteri~g tho coilision region 
i s  energetically e l ig ib le  to react so %ha$ potential signal yield is 
diminished relative to the noise. 
( B )  ~ i f f e r e n t i s l ~  scattering experiments require that the COX-- 
lision volume and the detector s o l i d  angJ.e be held ts g, minimum. The 
signal yield again i s  diminished, 
( C )  The hydrogen isotopes a r e  non-cnndensible species at room 
temperature SQ that large background noise sbseures the already small, 
reactive signals. 
A requirement for inproving the signnl,-=%o-no~~se r a t io  is the 
Iacrease of absolute s i g n a l  yield by number density increase while 
simultaneously removing the higher gas sfl.ovs i m e d i n t e l y  after passing 
through the ~ ~ l l i ~ i ~ n  region. 
gically placed diffusion pmp is ruled aut, because sf' restrictive geo- 
An additional, very high  capa.cit.y strate- 
I I lTtPy and pUnpiXag noise, These CC#nsideEitiOnS d i r e c t  QlX %6? exmine 
16 
the characteristics of a cryopumped fourth stage which can maintain 
high vacuum pressures to at least lo--? Torr. when a cross beam of 10 
particles/cm3 is flawing into it (Dumping speeds of order lo5 liters/sec) 
without serious pumping noises. 
13 
The essence of a cryopmped fourth stage is that a small, mostly 
closed. chamber encasing the reaction region of the two crossed beams 
is constructed from a material of high thermal conductivity and is 
held at a low enough temperature such t h s ~  most; gas phase species 
emanating from the reaction regiQn in directions other than the detecting 
directions are frozen out ,  h ~ p e f ~ l l y  after making only several bounces. 
While gaseous species may have different temperatures at which effi- 
cient gas-to-solid phase transition takes place (high sticking proba- 
bility), if one reduces the chamber wall temperatiwe IQW enough, all 
gaseous components have high sticking psobabili-ty and the objective is 
accomplished a 
In practice one anticipates this technique to yield a very high 
pumping speed (stisking probabtlity 2 1) for major gaseous constituents 
of the background and beam when the chamber w i l l s  have ib temperature 
equal to the boiling poin t  o f  liquid helium. 
Brackmann” can reflection of beams from cold ausfacea indicate 
under high vacuum BresstUTes and temperatures absut 4,2  K, the sticking 
probability of molecular hydrogen and other gases does approach unity, 
although re-evolution of H2 8ccurs to g ive  its h.2 K vapor pressuse 
( lom7 Torr e e 
on other vacuum system gaseous components, most notably water vapor 
The results o f  Fite and 
that, 
0 
6) 
Indications are  that the capturirisr prscens is dependent 
17 
and the absolute temperature of 
i n  temperature below 4.2'K, the  
H decreases. 2 
the  surface. If the w a l l s  are reduced 
chamber background p a r t i a l  pressure of 
I n  accord w i t h  these ove ra l l  considerations,  a liquid-helium- 
pumped fourth s tage has been constructed; it i s  shown diagrammatically 
i n  Fig. 1.3. This  s tage is designed t o  be inser ted  i n t o  Chamber Three 
through one of t w o  la rge  flange holes on the t o p  of t h a t  chamber. The 
s tage bas ica l ly  consis ts  of two s t a i n l e s s  s t e e l  containers; one which 
holds l i qu id  helium and another surrounding it which holds l i q u i d  
nitrogen. 
copper ( for  higher thermal conductivity) i s  heat sunk t o  t h e  inner 
container; t he  liquid nit.rogen container,  from the  bottom of which is  
suspended a second copper chamber, shields  the  surfaces at l i q u i d  helium 
temperature from t h e  rocam temperature rad ia t ion  t h a t  not only would 
dissipate the inner coolant v e r y  quickly but d s o  would place a l a rge  
enough heat load ~n the awfsces t o  raise t h e i r  temperature, thus 
decreasing the  p a r t i c l e  sliicking probabi;bit;y. 
The four th  chamber pumping surface constructed from annealed 
The l i q u i d  helium dewar. constructed from .01Q inch s t a i n l e s s  
s t e e l  sheet possesses a volume of seven l i t e r s ,  The container mass i s  
held t o  a minimum i n  order t o  reckce t h e  cansumptlon of coolant during 
cool down; t h e  s m a l l  w a l l  cross  sectional- area of the  stem whish con- 
nects t he  body of t he  container t o  i t s  liquid nitrogen temperature 
support accounts for  a. hel ium loss sate of abaut 1/20 af t h a t  due %a 
radiat ion.  The vacuum space 
containers provides adequate t h e r m 1  inslalatiark t o  make convection heat 
Torr. 1 between the inner and outer 
18 
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Figure 1.3. Cutaway view of the outf i t ted.  liquid helium 
four th  stage in the vertical plane. 
losses  negl igible  i n  camparison w i t h  o ther  losses. 
coolant loss due t o  heat rad ia t ion  from the l i q u i d  nitrogen temperature 
surfaces and from the  room tempra tu re  rad ia t ion  sources exposed t o  
the  l i q u i d  helium surface (through holes permitt ing the  cross  beams t o  
enter  a d  the reac t ion  products leave)  amsunts t o  about two l i t e r s /hour .  
(When a liquid-nitroaen-cooled surface in t e rcep t s  room temperature 
r ad ia t ion ,  helium consumption is  mare than halved) ,  
The s ign i f i can t  
The l i q u i d  nitrogen container,which also i s  constructed from 
s t a i n l e s s  s teel ,  holds twelve l i ters  of coolant.  The l i qu id  nitrogen 
lo s s  r a t e  i s  less than t w o  l i t e r s / h o u r ,  a rate adequate f o r  s ad ia t i an  
shielding over any given l i q u i d  helium f i l l .  This  container provides 
the  support f o r  t h e  inner container which may be readi ly  removed. 
j o i n t  connecting the two containers i s  soft-soldered w i t h  addi t iona l  
s t rength  provided by a nut a% the  j o i n t .  
easy f i l l i n g  of the i n n e r  container.  
mechanical vacum pump to be connected t o  t h e  j o i n t  i n  order t o  re- 
duce the boi l ing  pa in t  o€ the  l i q u i d  helium i f  a lower four th  chamber 
w a l l  temperature i s  desirable. 
The 
This  construction permits 
It a l s o  permits an external  
The faatrth s tage so fins discussed is o u t f i t t e d  w i t h  four th  
chamber w a l l .  construction %ha% f u l f i l l s  t h e  specific! requirements of 
the  D + H The essence of t h i s  o u t f i t t i n g  is  
shown i n  the horizontal  and v e r t i c a l  cutaway views of Figs. 1.1 and 1,3. 
A narrow horizontal  s l i t  i s  providsd i n  both t h e  fourth chamber v e r t i -  
cal w a l l s  and its s h i e l d  t o  enable the in-plane neut ra l  p a r t i c l e s  
formed within Chamber Four t o  pass outside of t h e  fourth stage t o  the 
sca t t e r ing  experiment. 
2 
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ionizer-mass spectrometer assembly. 
60' to either side of the Chamber One beam from outside the 
vacuum system enabling angular distributions of reaction region par- 
ticles to be observed. 
This assembly can be rotated 
Projecting fron the fourth chamber wall opposite the collimated 
high intensity crossed beam orifice and perpendicular to the beam from 
Chamber One is an annealed copper cross beam t r ap  which is soldered 
to the fourth chamber w a l l .  
the number ~f particle w a l l  collisions for the particles entering 
the trap. 
temperature can be monitored externally; a carbon resistor sensor 
provides the meas. 
This trap provided with baffles increases 
The trap temperature and tnesefsre the fourth chamber wall 
The operating pesfomance of the liquid-helium-pumped fourth 
stage with the basic three-stage system i s  illustrated in Table 1.1. 
Molecular hydrogen wa.s used in the performance tests because the sticking 
probability for hydrogen i s  lower than for most other experimentat 
gases at the sepresentive tenperatures so $he results are applicable to 
problems other than t he  D + H2 reactive experiment. 
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Table 1.1 Molecular hydrogen partial pressures ii Chambers Three and 
Four for assorted cryopump operating conditions. 
p3 p4 
a) no gas introduced into a 10-7 T~rr. 1 x low7 Torr. 
chamber from cross beam 
source without helium 
Pumping 
4 3 x 10- Torr. 4 b) cross beam introduced 1 x 10- Terr. 
( 1013 part i c w c m 3  
without helium pumping 
(1013 particles/cm3) 
with helium pumping 
( 4 . 7 O K )  
c )  cross beam introduced 3 x 10-7 Tors, 2 x Torr. 
d) cross beam introduced 1 x LOe7 Torr. .7 x Torr. 
particles/cm3) 
with helium pumping 
( 4 . 3 0 K )  
(The liquid-nitrogen-cooled H 2 
sq. in. of Chamber Four surface is open to Chamber Three). 
orifice is 3/16 in. diameter and 3.75 
13 These data show that the pumping speed for a beam of 10 
particles/cm’ and a fourth chamber temperature of 4.7OK is 1.5 x 10 5 
5 liters/sec. and at 4,3”K is 3.5 x 10 litersbsec. The four-stage 
vacuum system operating under the given conditions can maintain a 
background Chamber FQW pressure slightly better than  the background 
of Chamber Three, when a Chamber One beam i.s apesating with the three- 
stage system alone without a cross beam; this was an objective. The 
pumping speed upper limftatian for the liquid helium pump as presently 
6 outfitted appears to be of order 10 
shown brings the four-stage molecular beam apparatus within the range 
of examining processes involving roam temperature non-condensible 
species whose signal-%@=-noise problems are  8s d-ifficult as those of the 
liters/sec, The performance as 
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hydrogen chemical reaction. 
0 
B. IONIZER GETTER-PUMPED F I F T H  STAGE 
The d e s i r a b i l i t y  of enclosing the  de tec tor  ion izer  i n  i t s  own 
d i f f e r e n t i a l l y  pumped s tage f o r  reducing noise has been noted pre- 
viously; remaining i s  i ts  descr ipt ion.  
The ion izer  enclosure w a s  constructed t o  permit the  ion izer  
ion-optics and a port ion of the  mass f i l t e r  t o  be enveloped by a 
liquid-nitrogen-cooled copper cylinder shown i n  Fig. 1.4.  The beam 
being detected passed through the chamber entrance aperture (see 
Appendix LA f o r  dimensions) before c leanly gassing through the ion izer  
entrance aperture  i n t o  the  ion iza t ion  region and then down t h e  mass 
fi l ter .  
region t o  be viewed by the  ion izer ;  (b) the  modulated sca t te red  D 
atoms t o  pass d i r e c t l y  i n t o  the  ion iza t ion  region after passing a cold 
aperture  (rather than the  very hot ionizer  aper ture  which could pro- 
vide a much g rea t e r  opportunity f o r  surface produced modulated HD) 
and ( c )  t he  effusion of thermalized Chamber Three Ha i n t o  Chamber Five 
t o  be reduced, 
f i l t e r  body. 
T h i s  geometry enabled (a) t he  e n t i r e  cross  beam in t e rac t ion  
"0" r ings  sealed the  enslosure cylinder t o  t h e  mass 
Extending from this cyl inder  on one side 
coaaria~. t a  t h i s  copper extension (23 cm x 13.5 cm d ia l  
was a l a rge  pumping 
cylinder.  
which possessed ample l i q u i d  nitrogen cooling c o i l s  soft-soldered t o  t h e  
outer  surface were posit ioned two ti tanium filament rods (Varian) 
which continuously carried 38 amps r .m.s .  of a.c. current .  T i t a n i u m  
was then deposited on t h e  cold pumping w a l l s ,  
Pumping ac t ion  f o r  hydrogen isotopes was not experienced without 
t h e  titanium-coated surfaces  cooled t o  l i q u i d  nitrogen temperature. 
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Figure 1.4. Cutaway view sf the iOniZer getter-pumped f i f t h  
stage. This s%age is located in Chamber Three. 
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T h i s  may be a t t r i b u t e d  t o  the  mechanism for removing hydrogen being l e s s  
e f f i c i e n t  a t  elevated temperature. 
sponsible for removing 1014 particles/cm /sec of hydrogen. 
previously, H 
Torr. were typ ica l .  These pressures w i t h  g e t t e r  pumping represent 
pressure improvements of b e t t e r  than one order of magnitude over the  
p a r t i a l  pressures ex is t ing  i n  Chamber Three. 
The w a l l s  of t h i s  surface were re- 
2 As noted 
-8 and HD p a r t i a l  pressures better than 1 0  and lo-’ 2 
C. NEVI'RAL PARTICLE DE3ECTI-ON 
The atomic and molecular modulated beam detect ion and general  
mass spectroscopy associated wi th  these experiments has been ca r r i ed  
out w i t h  a universal  detector .  
e lec t ron  impact ion izer  (Ektranuclear Laboratories Inc. , type I1 ) whose 
axis i s  coincident w i t h  t h e  ax is  of t h e  quadropole mass f i l t e r  (ELI 
Model 162-5) on which it is mounted. 
planar and two cy l ind r i ca l  l enses  and the  neut ra l  op t ics  preceding 
the ion izer  ensures t ha t  each neu t r a l  p a r t i c l e  can pass only once 
through the  ion izer  before enter ing the mass f i l t e r .  
cons is t s  of four  p a r a l l e l  rods of c i r c u l a r  c ross  sec t ion  contained 
within a cy l indr ica l  s t a i n l e s s  steel  case. 
by a combination of radie frequency and d.c. e l e c t r i c  f i e l d s ,  t he  
hyperbolic fields set up allow ions 
traverse s p i r a l l y  t h e  l eng th  of t he  f i l t e r  axis .  
ferent e l m  are paaced on unstable o r b i t s ,  r e su l t i ng  i n  t h e i r  being 
thrown out  r ad ia l ly .  
The detector  cons is t s  of a high-efficiency 
The ion opt ics  consis t ing of t w o  
The mass f i l t e r  
When t h e  rods are ac t iva ted  
of a given e / m  r a t i o  t o  
Ions of d i f -  
Transmitted ions pass i n t o  the  ion detector  assembly, which 
is  a I?r stage copper-beryllium e lec t ron  mul t ip l i e r  (Dumont 
Laboratories, SPM-03-301) e This  device w i t h  nominal gain 1 0  i s  
connected t o  a preamplifier (EbI) sf input impedance LO megohm which 
fu r the r  feeds 8, p r e ~ ~ l i f i e r ~ l e c t r o m ~ t ~ r  (ELI) t h a t  i s  mounted out- 
side the vacuum syst;em. 
search, m-8) is u t i l i z e d  i n  r ecwer ing  modulated information. 
5 
A lock-in amplif ier  (Princeton Applied Re- 
On background ana lys i s  t h i s  ion izer  produces 10 milliamperes 
per Torr. of mass resolved ions,  and the  neu t r a l  detect ion e f f ic iency  
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exceeds f o r  thermal e n e r a  hydrogen and nitrogen beams. 
The angular d i s t r ibu t ion  measurements ware car r ied  out with 
t h i s  mass spectrometer mounted on a ro t a t ab le  a r m  t h a t  w a s  located 
i n  Chamber Three (see Fig. 1-11 e The pivot  of t h i s  a r m  w a s  posit ioned 
d i r ec t ly  below t h e  cexiter of the beam in te rsec t ion  region (approximately 
spher ica l )  i n  order t h a t  t h e  ionizer  upon ro t a t ion  would be equidis- 
t a n t  from t h i s  region. 
IV. WERIMENTAL PROCEDURE 
The atomic and molecular beams were aligned so that: t h e i r  
axes were perpendicular t o  each other  and the m a s s  spectrometer moved 
i n  the plane of the  beams. 
were adjusted SO t h a t  the  ion izer  would view the ent i re  beam in t e r sec t ion  
volume (approximately spher ica l )  at a l l  angles at  which data were t o  be 
taken. The tungsten furnace source and t h e  detector  w e r e  ac t iva ted  and 
t h e  lat ter w a s  ro t a t ed  to where it intercepted the modulated D atom 
beam. 
The beam and de tec tor  coll imating apertures  
This pos i t ion  was defined as B = 0". 
While the  detector  w a s  turned o f f ,  the  pumping surfaces of 
Chamber Five were degassed by ind i r ec t  heaking ( r ad ia t ion  from t h e  heated 
t i tanium filaments) and then coaled t o  l i q u i d  nitrogen temperature w i t h  
the  fi laments turned of f .  
and the g e t t e r  p w p  began t o  operate.  
the mass three p a r t i a l  pressure w a s  measured t o  insure t h s t  t h i s  stage 
was operating properly. 
The t i tanium f i l m e n t s  were turned on again 
The detec tor  was turned on and 
With the detector  and primary bean coaxial. and the temperature- 
s t ab i l i zed  tungsten source operating, modulateci s igna ls  ror  masses two 
and four  were measured f o r  t h e  purpose of ver i fy ing  t h a t  t h e  beam was 
about 95 percent dissociated.  The number densi ty  of the atomis species 
st t h e  in te rac t$an  region was then about 2 x 10 /cm . 9 3  
Liquid helimn was t ransfer red  i n t o  the  already l iquid-nitrsgen- 
coclled cryopwped helium dewar and t h i s  pump began operating. The H2 
crossed bean was turned on ana i t s  in t ens i ty  w a s  adjusted so t h a t  the 
measwed 1) beam aktenuatisn was less than 5 percent. The number densi ty  
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13 3 of H w a s  about 2 x 1 0  /cm i n  t h e  in te rac t ion  region. 2 
With t h e  chopping frequency set at 1440 Hz and the  primary beam 
stops adQusted fo r  studying r eac t ive  sca t t e r ing  (see Appendix 1A) , 
s igna ls  corresponding t o  masses two, three and four were measured between 
the LAB angles -$5Q to +$5'. 
ceeded according t o  t e s t s  crne and two described i n  Section 11, the  m a s s  
two s igna l  a t  B = 0 w a s  checked after approximately every two or t h ree  
B # 0 da ta  points  to ensure t h a t  t h e  atomic number densi ty  had not 
changed. The recording period of each reac t ive  s igna l  w a s  15 min. i n  
length using an in tegra t ion  time constant of 690 sec. 
was at bes t  10 to 1. 
approximately 7 hours, 
ignored because t h e  pressures of Chambers Three and Four were incl ined 
t o  f luc tua te  before t h e  l i qu id  helium coolant had completely evaporated. 
While recsrding the  a~gu1a.r d i s t r i b u t i o n  for mass three sig- 
nals  a& angles c lose r  ta %he primary be,m t ban  12 , the  s igna ls  were 
iden t i f i ed  as prha,sg beam, e l a s t i c a l l y  scattered HD impurity. Con- 
sequently, reactgive data could not be sbtairaed at angles that l i e  
within this 24" region. 
Throughout these  measurements which pro- 
Signal-to-noise 
The length of t i m e  for a par t icu lar  data run w a s  
The data accumulated in the last hour w a s  
o 
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For the  purpose of ve loc i ty  estimation of the  mass th ree  sig- 
nals  previously iden t i f i ed  as reac t ive  HD ( test  three) ,  t he  primary 
beam chopping frequency w a s  increased t o  7.2 KHz, and a study of t he  
lock-in amplifier phase-shifts as a function of laboratory angle and 
mass w a s  car r ied  out ,  With t h e  spectrometer coaxial  w i t h  t h e  primary 
beam, t h e  lock-in phase adjustment w a s  se t ,  as i n  t h e  previous mea- 
surements, f o r  m a x i m u m  detected s igna l  f o r  a given mass. The phases 
corresponding t o  t h e  respect ive s igna l  maxima were recorded f o r  each 
mass; the  minima occurring a t  90 from t h i s  phase were a l so  noted. W i t h  
the  mass f i l t e r  adjusted t o  mass three,  the detector  w a s  ro ta ted  t o  the  
reac t ive  angular regions. 
maximum and zero ( s ince  signal changes per u n i t  phase change around 
zero are grea te r  than they are around maximum) were recorded f o r  a 
var i e ty  of angles. 
o f - f l igh t  arguments to ca lcu la te  HB r e c o i l  ve loc i t i e s .  
After the accumulation of these data, t he  chopping frequency 
0 
The phases a t  which the  €El s igna ls  are 
These phase-shift data were u t i l i z e d  w i t h  time- 
was changed t o  5.63, 
repeated f o r  each chopping frequency, 
9.39 KHz were used t o  deduce tha t  tohe HD ve loc i ty  estimations are i n  
f a c t  meaningful (see Section V. and Appendix 16). 
and 9.39 KHz, and the previous procedure w a s  
The data f o r  5.63, 7.2, and 
In  a separate  experiment t he  s igna l  processing apparatus w a s  
examined f o r  phase-shift cha rac t e r i s t i c s  as a function of chopping 
frequency, 
the  preamplifier input  t h a t  simulated the reac t ive  s igna l  amplitude, 
and the  generator w a s  made t o  provide the  ex terna l  lock-in reference 
A properly matched square wave generator w a s  inser ted  i n t o  
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signal, The phases corresponding to maximum and minimum signal were 
noted as before and the frequency was varied throughout the experimental 
chopping range. 
observed so that the phase differences previously observed were 
attributed entirely to HD time-of-flight differences. 
No detectable phase shift frequency dependence was 
A check alss  was run to determine if the isotopic impurity HB 
component in the H2 beam was being modulated and detected as the result 
of being scattered by the D atom beam. For this, the deuterium 
normally admitted to the primary source was replaced by helium, 
HD signal could be detected under the same experimental conditions of 
the D beam. 
No 
In another separate investigation the H2 beam was examined for 
the presence of polymers. For this exercise, the liquid-nitrogen- 
cooled wrinkle slit was mounted in Chamber One, the nodulated H2 beam 
was ionized and mass acalyzed. A search was made for  the ions H 
where n is an integer. 
2' signals Were i n  the sane ratio as the isstspic abundance of HD in H 
Mass five, if present, was at least five orders of magnitude lower in 
intensity than M 
free jet expansican with sonsequent caoling arid candenssfion to polymers 
of H2. 
and not to have cooled appreciably on fu r the r  expansion; consequently, 
it had a velocity distribution not far from Maxwallian at 77OK. 
+ 
n 
Only n = 3 was detected; the mass three and two 
+ Considering these results, these is no evidence of 2" 
The H appears to have cooled to liquid nitrogen temperature 2 
As a result of the reactive data runs, the ratio of the dif- 
ferent mass signals were known far a number of: laboratory angles. Since 
the  t o t a l  cross  sect ion f o r  s c a t t e r i n g  
detailed knowledge of the  d i f f e r e n t i a l  
angles close t o  the  D beam could be of 
the t o t a l  reac t ive  cross sect ion using 
and th ree  f o r  much l a rge r  angles. For 
32 
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of H by H 
cross sect ion f o r  D on H a t  
assis tance i n  the  estimation of 
the  s igna l  r a t i o s  f o r  mass two 
t h i s  exerci~e, the  primary beam 
has been measured, 2 
2 
collimation w a s  increased by a. f a c t o r  of 3 ( see  Appendix LA) which i n  
e f f ec t  improves the detector  angular resolut ion by tha t  fac tor .  
The procedure f o r  studying t h e  s m a l l ,  angle sca t t e r ing  w a s  t o  
record the mass two s igna ls  with first the  H beam on and then o f f .  The 
difference of these measurements is evidently proportional t o  the  e l a s t i c  
d i f f e r e n t i a l  cross sect ion averaged over t he  Maxwellian beam ve loc i ty  
dis t r ibut ions.  The angular range for these measurements was -45' - e B 
2 
45*. 
V. RESULTS AND DISCUSSION. 
The angular d i s t r ibu t ion  results f o r  t h e  reac t ive  experiment 
(data taken using a chopping frequency of 1440 Hz) are displayed i n  
Fig. 1.5. 
primary beam, where HD impurity i n  the D beam becomes s ign i f i can t .  
e r ro r  bars represent  90% confidence l i m i t s  for  s i x  experimental runs. 
The asymmetry of s igna ls  may be understood by comparison w i t h  
Signals are not shown at angles less than 15" from t h e  
The 
the sol id  l i n e ,  whish is t he  s igna l  calculated assuming t h a t  (1) AE/E = 0 
( the  reac t ion  endothermicity divided by the  i n i t i a l  r e l a t i v e  energy), 
and (2)  a separable and symmetric center-of-mass d i f f e r e n t i a l  cross  
sec t ion  i s  proportional t o  
N 
(1 - E,/E) cos M( 0 - 180' ) E > Eo 
9 where M = 1.35, M = 2.0, and Eo = .33ev i s  t h e  react ion ac t iva t ion  
energy and 0 is  measured from the  forward d i r ec t ion  (see Fig. 1B.1) 
over the  domain where cos M ( O  - l 8 O o )  
(see Appendix 1B) invalved transforming and averaging the  cross  sec t ion  
over the  full target-detector  s o l i d  angle ( t h e  half angle being 
A $ = 3O, see Appendix 1A). 
fourteen ve loc i ty  di.agrams corresponding t o  all s ign i f i can t  r e l a t i v e  
ve loc i ty  vectors t h a t  can lead t o  react ion.  
assumptions [ t o  be referred t o  as Assumptions (1) and (211 w i l l  be 
discussed l a t a r  i n  t h i s  sect ion.  
is pos i t ive .  The ca lcu la t ions  
These r e s u l t s  were averaged once again over 
The reason f o r  these 
The mean v e l o c i t i e s  of the detected HD determined from t h e  a.c. 
s igna l  phases are shown i n  Fig. 1.6. These v e l a c i t i e s  are superim- 
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posed on two velocity diagrams. 
bable velocities for impurity HD being scattered by the H beam, The 2 
solid circle shows the most probable velocities of reactive HD for 
The dashed circle shows the most pro- 
Assumption (1) , considering the cross section energy dependence in 
Assumption (2), 
scattered HD impurity velocities. 
the measured velocities appear compatible with the simple assumptions, 
These velocities may be considered as mean recoil velocities for essen- 
tially one of the four possible w) velocity contributions noted in 
Section 11. (the reader is referred t o  Appendix 1C for 8 critical 
discussion of this poin t ) .  
The observed velocities appear incompatible with 
Both the angular distribution and 
The first sassulmption, physically speaking, is quite appro- 
priate for the reaction. 
in the ground state derived from spectroscopic datal7, one can readily 
determine the ground state endothermicity for the reaction to be 
From the binding energies of H2 and HD 
A E  = D~(H*) - D ~ ( H D I  = -.035 e..v. (1.3) 
The threshold energy for reaction obtained by Kupperman and 
White (photolyzed mixtures o f  DI or DBr plus R2 with monochromatic 
light, the concentration ratio Lm]/@ij was examined) is known to be 
0.33 i .02 eex?* Evidently for the initial and final rotational states 
t 
J = 0, J 
tfonal to the factor (3. -5) ?see AFpendix XB, Section 2) and this 
factor effectively controls the width of the laboratory angular dis- 
= 0, AE/P c <  1. Since the HD CM recoil velocity is propor- 
CI 
AE 1/ 
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tribution for the angular dependence of (21, the solution displayed in 
Fig. 1.5 applies to the J = J' = 0 situation to good approximation. 
There are, af course, other situations where AE/EO cc 1 and 
the AE/E = 0 angular distribution solution applies (see Fig. 1.5). 
If non-zero rotational states are considered, the kinetic energy defec% 
becomes 
a +  
C 
€3 
where the rotational coefficients for the H2 a d  DH X 
been utilizcd in the rigid rotos approximation. l7 
for various J anid J' combinations are listed in Table 1.2 in addition to 
states have 
The endothermicities 
AE/EO. Entries in Table 1.2 where AE/EO .(< 1 represent those J and 
J' combinations where the AE/E = 0 angular distribution sslution applies, 
The reasm far displaying only thee J vdues  in Table 1.2 can 
be understood by consideking the experinaental sitilaation. The H nozzle 
source was in thermal eqixilibsiun with the Liquid nitrogen cryopump 
dewar, and it was opcraited in the effusive flow regime. 
discussed, there WRS evidence that kinetic equl.Xibrium of the beam and 
source existed SQ that the angular distribution calxulat ion was 
carried out for a bem temperature of ??OK. 
temperature been assumed, t h e  calculated signals would have decayed at 
larger positi-se angles than are observed in Fig. 1.5, But equilibrisnm 
between the ortho and para mobecules at 
2 
As was previously 
I n  fact, had a higher kinetic 
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Table 1,2. D + H2(J) -t DH(J') + H Endothermicities for values 
of J appropriate for the experimental conditions. 
Entries where AE/Eo << 1, represent those J, J' 
combinations where the AE/E 
solution applies. 
= 0 angular distribution 
1_ - 
it - 1  - I  
I.--. ~ -_  - - 
i AE/E 
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Assumes Eo = -33  ev; this measured quantity is an averaged behavior 
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7 7 O K  most likely did not exist considering the small rate constant for 
ortho-to-para conversion and the fact that a catalyst for this purpose 
was not employed in the H2 source. 
brim at room temperature for the beam molecules and the usual 3:1 ratio 
between ortho and para mcalecubes, the population densities listed in 
Table 1.3 are found. This worst case calculation indicates that the 
J = 0,l and 2 states contribute more than 90 percent of the siggba.ls 
assuming no pathologically huge reactive cross sections for higher rota- 
tional states. 
If one assumes rotational. equibi- 
The similarity of the calcul.ated angular  distribution and the 
8 0 experimental data in the B = -30 and +42 regions (angular distribution 
width), in light of the previous discussions, does suggest that any or 
a l l  of several J, J' cambinations in which little or no product mobesu2.e 
excitation occurs have been observed. 
in rotational states J' = 4 rather than states of snaidLler quantum number, 
the total angular distribution width would have been at least LO" more 
narrow than was actua.Xl.y measured, Of course, the possibility of inter- 
preting the results i n  terms of HB vibrational excitation must be dismissed 
entirely, because the cross sections woaLLd have to be huge in order to 
If MD had recoiled predominantly 
?r 
make up for the extremely small portion sf the CM velocity distribution 
"tail" that can make vibrational excitations in HD energetically possible. 
The rapidity with which $he "%ail" drops off i.s tabulated in Appendix 16 
(Table 16 1). 
Understanding the iaplications of the angular distribution width 
i n  terms of Assuptiort  "z], we consider the sensitivity of the entire angular 
distribution with respeck t;o change of the e n e ~ g y  and angle  terms in Asswnpti~n ( 2 ) .  
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Table 1.3. Distr ibut ion of ro t a t iona l  states i n  the  H2 cross beam 
assuming equilibrium of ro t a t iona l  degrees of freedom 
at  room temperature. 
where g = 114 for even J 
g = 3/4 for odd J 
with  Her zberg x %+ ''7 rigid r o t a t o r  constants 
g 
1. 665 
2 116 
3 ,083 
4 * 004 
The first f ac to r  of t h e  simple d i f f e r e n t i a l  cross  sec t ion  is r a t h e r  in- 
consequential when considering the  calculated s ignals .  If one considers t h e  
energy dependence to be a s t e p  funct ion above ac t iva t ion  energy r a the r  
than (1 - EO/P) fo r  E 1 E which is spec i f ied  and i f  one s t i l l  assumes - 0  
the  same angular dependence, t h e  calculated signal curve, f o r  e s s e n t i a l  
purposes, is the  sane as shown i n  Fig. 1.5. The only noticeable changes 
appear f o r  8 > 42' and B < -23 . 
i n t ens i ty  angle 6 ? -30' ~ c c u r s  about 1/2" more gasitive khan t h e  old. (The 
new and o ld  curves are para l le l , )  The new ha l f  i n t ens i ty  angle B ?, 42" 
occurs about 1' more pos i t i ve  than %he o ld ,  with p a r a l l e l  behavior. 
0 The new angular d i s t r ibu t ion  half  
The 
new carve f a l l s  within the  experimental e r r o r  bars.  Such behavior is 
due t~ t he  fact t h a t  %he most probable relative ve loc i ty  angle occurs a t  
a s l i g h t l g  l a rge r  angle f o r  t he  simpler crass sect ion.  We fur ther  ignore 
the  computational. di f ferences because (a) computational e r r o r s  are d i f f i c u l t  
t o  estimate f o r  these procedures and ( b )  reducing the  target-detector  half 
angle by 50 percent tends t o  reduce the half i n t ens i ty  posi t ions (narrow- 
0 ing tkie d i s t r i b u t i o n  on t./ie o rde r  of 2 t t s t a ~  ). 1 
small changes i n  the  CM angular d i s t r i b u t i o n  of Assumption (21, particu- 
l a s ly  i n  the r o l l  off  region on the  negativg side (because it receives  only 
CM contr ibut ions from angles 215 2 o 2 300".  he s e n s i t i v i t y  Qf the  
ca lcu la t ion  for  narrower and broader CM d i s t r ibu t ions  i s  i l l u s t r a t e d  i n  
Fig. 1.11. For the purpose of generating i n t u i t i o n  and demonstrating 
t h a t  t h e  experimental 
42 
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points  simply cannot be ref i t ted on the  addi t iona l  curves i n  any way, 
even i f  there  were poor e r r o r  estimates, l a rge r  deviations from Assump- 
t i o n  (2) have been calculated than are f e l t  t o  be j u s t i f i e d .  
Referring t o  Fig. 1.7, t h e  curve which peaks above t h e  data 
corresponds t a  a CM function specif ied by M = 1.0, N = 2.0; the  cume 
lying below is  spec i f ied  by M = 1.6fs9 N = 2.0. 
of the calculations i s  t h a t  t h e  a p l i t u d e  i s  essentitally invariable  with 
respect  ts change in M i n  t h e  region 5' < 
the f a c t  t h a t  the functions remain r e l a t i v e l y  constant wi th  change i n  
M around the  backward direct ion.  
amplitude here can be changed sglly by post.8ibati.w a symmetric c ross  
sec t ion  whish does mt p e d  at e = 180" (i .e.  removing some of the 
contribution from s%rongJ.y backward ejection angles). 
the  angular term 10 - 180°)/36 f o r  168' 5 0 - < 192" from cos2 (1.35(0 - .18oQ)> 
A noteworthy featuse 
25'. T h i s  is due t o  
Evidently t he  calculated s igna l  
I n  fact, subtract ing 
r e s u l t s  i n  a r e l a t i v e l y  f l a t  predicted signal 
i n  t h i s  region, and the  r e su l t i ng  curve s t i l l  passes through t h e  data 
points  i n  all regions. 
i d e n t i c a l  r e s u l t s .  
iment i s  r e l a t i v e l y  "bBfnd" t~ crass sec t ion  spec i f ica t ions  I n  t h e  
region 170' 2 0 2" 190" compared to 
its symmetric counterpart .  
Okher a r b i t r a r y  ~ ~ ~ i ~ ~ ~ & t i o n  can eas i ly  produce 
Fram t h i s  discussion it i s  obvious t h a t  the exper- 
t h e  region 215' < 0 < 300' and 
It should be remarked t h a t  t he  velocity information has been 
of ass i s tance  i n  postukatlng a functional. behavior i n  the l a t t e r  
region. 
were due to a s ign i f i can t  s ca t t e r ing  contribution from angles closer 
If the signals i n  the  roll off  region Qn t he  negative side 
44 
t o  0 
have been s ign i f i can t ly  l a r g e r  than observed (see Fig. 1 .6) .  
the  funct ional  parameter N = 2.0 has been held constant i n  these 
discussions far reasons of convenience, any function that  behaves s i m -  
ilar t o  those discussed out t o  CM regions,  about 1/10 of t h e  cross  
sec t ion  amplitude 10" removed from the  backward d i rec t ion ,  would pro- 
duce similar laboratory r e s u l t s ,  
when experiment is caupaa*ed with theory. 
= 300' than 215' as postulated,  t h e  estimated ve loc i t i e s  would 
While 
This  fact should be kept i n  mind 
We t u r n  now t o  the  ve loc i ty  infomat ion  deduced from t h e  phase 
measurements. While t he  energy dependence contained i n  Assumption (2) 
i s  a r b i t r a r y  when considering t h e  angular d i s t r ibu t ion  and a mere s t e p  
function energy dependence above threshold,  %his  is not t he  case when 
considering the  crude velocity Bnfosrmation, Thfs is demonstrated in 
Fig. 1,8 whsre the  ve loc i ty  measurements a r e  superimposed upon two  
reac t ive  most probable velocity diagrams (she Appendix IC far t h e  
method i n  whish (a )  the  most prsbable diagram specifications were 
determined 
s h i f t s ) ;  one diagram is for  the s h p l e  s t e p  function above threshold,  
the other  is f o r  t h e  energy dependence of Assumption ( 2 ) .  
t h a t  the ve loc i ty  data do not fit t he  formes energy dependence i f  one 
postulates  l i t t l e  or no reac t ion  product i n t e r n a l  exci ta t ion.  
and (b )  the velo~ities were calculated from lock-in phase - 
Observe 
The simple s t e p  function should not, be abandoned immediately 
because m ~ r g  s ign i f i can t  BB i n t e r n a l  exc i ta t ion  is capable of explain- 
ing t h e  measured ve loc i t i e s .  
data are compared w i t h  the most probable diagram for neactian 
This i s  apparent i n  Fig. 1 .9  where t h e  
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endothemic i t ies  of .06 and .12 ev. 
make t h e  major contr ibut ion t o  t h e  measured s igna l s ,  such energies 
correspond t o  J '  - J equal t o  3 and 4 respect ively,  The narrower 
laboratory angular d i s t r ibu t ion  
is  t o  be emphasized. 
Assuming the J = 1 H2 molecules 
corresponding t o  l a rge r  HD exci ta t ion  
If subs t an t i a l  HD exc i ta t ion  were t h e  case, it would imply t h a t  
k ine t i c  energy can be t ransfer red  t o  ro t a t iona l  energy i n  times shor t ,  
compared t o  t h e  ro ta t ion  of t h e  D-H-H react ing configuration, a notion 
which is not commonly held t o  date. 
The cross  sec t ion  energy dependence proposed f o r  Assumptions 
(1) and (2) is  ce r t a in ly  not unique. If average group ve loc i ty  cal-  
culat ions had been performed rigorously far the angles at which 
measurements were performed (they should appear quit;e similar t o  those 
found by t h e  simple most probable approach), t he  r e s u l t s  would have 
been of questionable value i n  proposing a less simplif ied and more 
r e a l i s t i c  energy dependence. 
experimental j u s t i f i c a t i o n  by v i r t u e  of t o t a l  resc t ion  cross sec t ion  
The simple dependence proposed has no 
measurements. 
purpose of a crude f i t  between the  data and the most probable diagrams. 
The actual. shape has been introduced purely f o r  t h e  
The energy dependence w j . 1 1  be further discussed i n  connection wi th  
t heo re t i ca l  calculat ions.  
The experimental r e s u l t s  may be compared wi th  those of Datz 
and Taylor'' (B and T )  who have performed an equivalent experiment; 
\ 
the angular d i s t r ibu t ion  of s igna ls  displayed in Fig. 1.10 have been 
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chosen to be equal at B = +18O. 
experimental runs are agreeable but differ from the present work. 
The D and T data for the separate 
If one attempts to understand the D and T data in terms of 
Assuption (1) and HD backwaxd ejection, it i s  evident (recalling a 
previous discussion ) that the backward angular dependence must be 
extremely narrow ( e 15' half width); otherwise, the rapidly changing 
behavior in the €3 = +20° region cannot be explained. If this were 
the case, then the signals reported on the negative side should be 
zero e 
'L 
A possibility of maintaining Assumption (1) arises if a 
forward angular dependence, broader than the backward width, is pos- 
tulated. Such a dependence could be mads to explain the D and T data 
whether it is accompanied with the backward contribution or not, 
because the signal deficiency on the negative side is corrected and 
there are no new difficulties on the positive side. However, D and T 
report having estimated the HIl velocities in a fashion similar to the 
present work. 
but have not been reported. Such a finding is inconsistent with a 
significant forward contribution, especially since the CM to LAB 
Jacobian weights forward contributions about three times more heavily 
than backward sontributisns in these experimental regions. Assumption 
(1) does not appear to provide the basis for understanding their 
experiment. 
The velocities were consistent with backward ejection 
Another alternative is that considerable Hu rotational 
excitation QCCWS with UI backward ejection. If one postulates that 
the endothermicity is of order .2ev, a laboratory distribution similar 
to 1) and T on the positive side can be produced by CM angular dependences 
at least twice broader than those possible for the B E  = 0 interpre- 
tation noted above. The added angular broadness tends to improve the 
gross disparity between the calculated signals and the data for 
negative LAB angles, buf, this approach can st i l l  not predict signals 
at angles less than -15 
side 
0 without seriously distorting the positive 
Perhaps the difficulty of understanding the I? and T results 
is due to the signal-to-noise difficulties that they experienced, 
be sure, the difference in the respective experimental findings is 
not understood, 
To 
The experimental interpretations striet7.y speaking can be 
compared only with theoretical. calculations for the D .$ H 
performed by Misha e 
the relative motions as well as an "abos t - l i new collision approxi- 
mation" for the three body system at an energy consistent with this 
experiment's most probable energy range, differentia3 cross sections 
for J = 0,l and 2 af the N2 molecules have been determined, In this 
scheme the initial and final molecular anguaar momenta must be equal 
and the scattering amplitude is axial ly  symmetric. 
reaction 
2 
4 Using the method of distorted waxvx  to describe 
Under the asswpt ion  of a room temperature H rotational state 
There- 
2 
distribution, B(J -1) makes the mas% significant csn$ribution, 
fore in Fig. $.U, Micha's J = 1, cross section io plotted with the 
cross section of Assmptions (1) and (21, and those earlier shown to be 
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drastically incompatible with experiment e The respective 8 = 180' 
magnitudes have been adjusted to be equal. 
The similarity for the J = 1 contribution and experiment is 
remarkably excellent especially xithin 40' from the backward direction. 
However, a major disagreement exists for  the region 60' 
because a distinct peak would have appeared in the laboratory angular 
distribution at negative angles close to = -28". The relatively 
small contribution in the region 0 < 0 
experiment because 
transforms relatively constantly into the laboratory frme. In 
addition, t h e  small amplitude implies that such contributions are 
small perturbations on the more strongly probable backward scattering 
events. 
the J = 1 calculation, the new curve would be a very slight imgrove- 
men& cornpared with that  deduced from experiment. The improvement is 
due to the fact that the other  curves display almst identical features 
as the J = 1, T h i s  being the  case, w e  deduce that, the room temperature 
assumptian is not critical7.y important when comparinq Mixha' s 
calculations with experiment, 
(3 c l4Oo 
60" is consistent with 
a constant contribution in these symmetric regions 
If one were t o  weight other contributions (J = 0,2) with 
With regard to angular distribution, the on1.y ather calculation 
3 available is for H + H2 by Karplias and Tang e 
obvious that the D + M2 and H 9 fa2 reaction CalciLatiords should be in 
precise agreement, although general agreement is not too much to ask 
i t  is by no means 
for. This If+ H approximate quantum-mechanical treatmen% has been 
carried out for two limit;ing models in the dis t ,o r t sd  wave fwmulation. 
2 
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I n  one, the  molecule i s  unperturbed. by the  incoming atom and, i n  t h e  
o ther ,  t h e  molecule ad iaba t i ca l ly  follows the  incoming atom. The 
quantum r e s u l t s  are reported t o  be i n  agreement w i t h  t h e  quasi-classi- 
c a l  t r a j e c t o r y  ca lcu la t ions  f o r  the  same po ten t i a l ;  at  energies of' 
i n t e r e s t  here, t h e  reac t ive  H is  s t rongly peaked i,n t h e  backward 
d i rec t ion .  Typicirl cross  sect ions f o r  t h e  various i n i t i a l  and f i n a l  
molecular ro t a t iona l  state combinations (a  different approximation 
than  Micha's) are less s t rongly backward peaked than  t h e  D 9 H2 
experimental f inding,  
c lose ly  follows the functional shape spec i f ied  by M = 1.0 N = 2.0, 
which w a s  shown t o  be incompatible w i t h  t h i s  experiment. While Micha 
has considered t h e  H + H probl-em', h i s  d i f f e r e n t i a l  cross  sect ions 
have not been reported. 
Before discussing t h e  absolute  r eac t ive  cross sec t ion  esti- 
2 
2 
The most s t rongly peaked d i s t r ibu t ion  reported 
2 
2 mated f o r  t h i s  study, it is  necessary t o  understand t h e  D 9 H 
e l a s t i c  d i f f e r e n t i a l  measurements which have bean undertaken f o r  t h e  
purpose of ca l ibra t ion .  
ca r r i ed  out f o r  both pos+ t ive  and negative LAB angles between 161 = 4' 
and 1 B I = 45'. 
was observed t o  within 10%; t he  s igna ls  corresponding to t he  pos i t i ve  
region a re  shown i n  Fig. 1.12. 
These angular d i s t r i b u t i o n  measurements were 
Symmetry of t h e  mass two s igna l s  about t h e  R beam 
The laboratory symmetry i n  t h i s  angular range ( t h a t  cont ras t s  
with the  reac t ive  measurements) i s  understood i n  terms of t h e  CM t o  
LAB transformation. 
problern fo r  e l a s t i c a l l y  sca t t e red  equal mass particles are t h e  
T-$0 important observations concerning t h i s  
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following: 
(A) There i s  a one-to-one correspondence between CM a d  LAB 
angles tha t  i s  independent of both t h e  magnitude 0% relative veloc i ty ,  
v and the  angle t h e  r e l a t i v e  ve loc i ty  vector  makes w i t h  the primary fzcar~, 
Y e The constant re la t ionship  i s  0 = 28. 
r 
( B )  A consequence of ( A )  and numbas density detes%ion ( ioni-  
zat ion by e lec t ron  impact 1 is that the sollid angle re la t ionship  
between the two systems is constan% for  any v and W For all CM angles 
(no ve loc i ty  bias  t h a t  i s  bbAFd-angleiaegender-$1. 
r 
The f a c t  t h a t  ( A )  and i B )  
hold f o r  D 4- H 
for t h e  respect ive symmetric and asymmetric laboratory angular d i s t r ibu t ions .  
clastic sca t t e r ing  and not  reactive sca t t e r ing  accounts 
2 
s t i t u t e s  the %=a sphere" region %or t h i s  system.  he r e l a t i v e  con- 
gtancy is found, at equivalent CM angles i n  ~~~t~ mechanical as well 
as c l a s s i c a l  descriptions of t h i s  e l a s t i c  scattering process 18319. Qf 
eneral  na ture  for classical descr ipt ion,  &his sca t t e r ing  is  isotro- 
2Q pic .  
"hard sphere" signals are subtracted from the  ~ ~ ~ ~ ~ ~ ~ e n ~ ~ l  points i n  
predic t s  an energy-angle separable d i f f e r e n t i a l  cross see t ion  of the  
form 
a t t r a c t i o n ,  s = 6. 
It is noteworthy tha t  at CM angles less than several, degrees 
(depends can the enerkv) a quantum shadow scatterirag e f fec ts  take over 
This region, which was not observable i n  this experiment, makes a 
la rge  r e l a t i v e l y  constant contr ibut ion as a function of angle except 
i n  the  classical-quantum t r a n s i t i o n  region. The t r ans i t i on  region far 
t h i s  system considering the average energy for this experiment hams 
been estimated t o  be €I = 2.5*. 
It is  t o  be noted t h a t  t h e  data appeasing i n  Fig. 1,12 a r e  not, 
simply D sca t te red  by H2* 
the  angular d i s t r ibu t ion  contains an additional signal from H 
sca t te red  by D. 
Due t o  the  iden%ity sf t he  sca t te red  masses, 
2 
The la t ter  consideration dese,mes trivial a t t en t ion  
i n  the large d i f f e r e n t i a l  cross sectisan region at angles closer t 0  
L3 = 0 because t h e  hard sphere signal ~ ~ ~ ~ ~ ~ , b ~ t ~ ~ ~ s  from D on W2 and 
H 
from D on H2 ( the  recoi l ing  H2 from these collisions appears around 
8 = 90'1. = 930 r) the  signal is the shun QE 
D sca t te red  at  (3 = 60" and the H appearing at, %hat angle which 
on B are small compased with the  strong angular dependent signals 2 
0 ~ t ,  larger angles, say 
2 
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o 
recoi led  from t h e  D sca t te red  a t  0 = 2h0 (the 1aAter atom appearing 
at B = -60 ). I n  these regions,  the  €3 contr ibutes  more t o  $he signal 
than t h e  D atoms appearing at  iden t i ca l  angle b e c a s e  the E! molecules 
are more e f f i c i e n t l y  ionized than t h e  D iatcsme. 
0 
2 
2 
Despite these complications t h e  e l a s t i c  mass two s igna ls  
shown i n  Fig.l.12 have been normalized %a t h e  H + M2 ketal cross 
sec t ion  measurements o f  8wrison2’ us ing  a procedure described i n  
Appendix 1D. 
D + H 2 
due t o  %he problem imposed by ident ica l  mass numbers, 
T h i s  normalization has been chosen i n  lieu of the 
t o t a l  cross sec t ion  (should t h e  t w o  d i f f e r )  which is  i~ruaeasured 
The absolute reac t ive  cross s e c t i ~ ~  now can be est-imated 
using the  normalized e l a s t i c  measurqnents, 
t o  e l a s t i c  s igna ls  is proportional %o t h e  r a t i o  of t h e  respect ive 
d i f f e r e n t i a l  cross s e c t i o ~ s  t he  measured ra t i s  of the s iqns l s  leads 
d i r e c t l y  t o  the react4ive t o t a l  cross s e c t i n n  normalized to the measured 
e l a s t i c  t o t a l  cross sect ion.  
carefu l  a t t en t ion  be paid t o  beam d i s t r i b u t i o n  and angular d i s t r ibu t ion  
function nsrmlizatians,is discussed fur ther  i n  Appendix LE. 
r e s u l t  of these considerations,  the reac t ive  t o t a l  C ~ S B  section f o r  
Assumptions (1) and (2) is found t o  be 3.5 2 1.8 8 ; the h b o r a t o r y  
d i f f e r e n t i a l  cross sec t ion  ca l ib ra t ion  shown i n  Fig.  1 . 5  r e f l e c t s  
t h i s  evaluation. 
deviations f o m d  i n  t he  experimental s igna l  rat-ios. 
Since the  ratio of reac t ive  
This psocedure,whish ~eguises tha t  
As ~b 
2 
The above quoted e r r o r  refers parely t o  %he mean 
Comparison of the experimental t o t a l  crass sec t ion  w i t h  those 
predicted by t h e ~ r y  cannot be done without considering the t heo re t i ca l  
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cross section energy dependences. Total cross section quantum-mech- 
anical calculations have been performed by Micha on B 9 H2 
H + H25 and Karplus and Tang on H + H23. Classical. M d. H determina- 2 
tions have been made from the classical trajectory calculations of 
Karplus, Porter, and Sharma.2 
dependences differ considerably and the quantum results are very 
dependent UPOR the particular approximation employed. 
believed that the classical formulation becomes valid at energies 
not far from threshold, but threshold validity has been seriously 
questioned.3 
classical disagreements at threshold are real, 
4 and 
The quantum and classical H 9 H energy 2 
It is generally 
At present it is not known whether the quantum and 
Due to the present threshold quantum meehanice.l, differences, 
the considerations here will be directed toward the classical calcula- 
tions for H + H2$ whish used a simple barrier potential. of the London- 
wing-Polaiiyi-Sato type. The cross section energy dependence for 
J = 0 and the graund vibrational state derived from the trajectory 
studies is shown in Fig. 1.13 with the simpfe cross sect ion e n e r a  
dependences that were employed during the experimental analysis. The 
latter curves have the same asymptotic limits 8s the Kmplus calcula- 
tion,which is reported to vary less than 20% upward from J = Q up 
to J = 3. 
between the two limiting simple shapes. 
had been assumed for the experimental cross s e c t ~ a n  determination, ur 
would be lowered to about 2 4 1 2 . 
for the energy dependence of Assumption (2) is in approximate agreement 
It is natsd khat the theoretical energy dependence lies 
If this energy dependence 
2 This value m d  the one determined 
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with classical theory predictions. 
VI. CONCLUSIONS. 
When deuterium atoms are reac t ive ly  sca t te red  by hydrogen 
molecules at  thermal energies,  t h e  reac t ive ly  formed HD prefers  leaving 
the D-H-H reac t ing  configuration i n  times shor t  compared w i t h  the 
ro t a t iona l  period of t h a t  configuration. On t h i s  account t h e  present; 
experiment appears t o  agree with the  Datz and Taylor experiment. 
cer ta in ly  it agrees with c l a s s i s a l  and ~ ~ a ~ ~ ~ - ~ ~ ~ h ~ i ~ ~ ~  calculat ions.  
Most; 
Generally speaking, most of the  ;CHI) mcdectdes recede from the 
co l l i s ion  i n  a d i rec t ion  ant i -paral le l ’  t o  t h a t  sf the  at tacking D atom 
without appreciable i n t e r n a l  energy. 
is somewhat inconclusive on t h i s  point,, because the i r  results are not 
understood. 
The Dntz and Taylor experiment 
This  f inding is  consis tent  w i t h  theore t ica l  calculat ions.  
The angular d i s t r ibu t ion  for anisotropic  sca t te r ing  is more 
s t rongly backward than has been predicted by theory. 
reac t ive  cross sec t ion  is i n  general  agreement w i t h  t ha t  predicted by 
Monte Carlo averaged c l a s s i c a l  t r a j ec to ry  calculations. 
The absolute 
The apparent disagreement between the respect ive experineDta.2 
laboratory angular d i s t r ibu t ions  strongly suggest that more experimental 
s tud ies  shoiidd be perforaned. 
theory concerning the  Slasrpness af t h e  backward scattering d i s t r ibu t ion  
ind ica tes ,  i n  addi t ion,  t h a t  fur ther  t heo re t i ca l  study may be p ro f i t -  
able. 
Disagreement hetween experiment and 
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APPENDIX lA APPARATUS DIMENSIONS. 
The e s s e n t i a l  apparatus dimensions for the  deu te r im molecular 
hydrogen reac t ive  and e l a s t i c  experiments arc l i s t e d  i n  Table lA,1. 
The l i teral  def in i t ions  a r e  i l l u s t r a t e d  i n  Fig. LA.1. All dimensions 
designated by d r e fe r  t o  c i r cu la r  diameter. 
TABLE l.A.1. Reactive Geometry 
-.. 
cm I - . . .  
___r .  -. 1 
1. dl 1 3  
d2 
*d 3 
4 a 
5 d 
.20 
* 30 
47 I 4  
" 35 
.20 '6 
2.5 
2.5 
4.8 
'3.6 
1.7 
2.5 
Elas t ic  Geometry: d3 = .lo, d8 = .30 
The e f f ec t ive  cross beam t a r g e t  regisan (ri,ght angle intersec-  
t i o n  of two cylinders of approximately t h e  same ~~~~~~~~ is estimated 
t o  be spherical  t o  f i r s t  order with diameter d8" 
t h e  e n t i r e  target region.  
The detector  views 
The apparatus avgular reso lu t ion  which i s  used when computing 
t h e  theo re t i ca l  laboratory (LAB) signals depends on one's c r i t e r ion .  
The c r i t e r i o n  for  the %=get-detector ressl.u%ian half angle has 
been taken t o  be the target-detector  off+axis limiting angle fo r  t o t a l  
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par t i c l e  collection, (1A.1) a 
= .052 radians 
7 
1 A B  = 
This resolution is estimated t~ be sufficiently large to insure mean- 
ing fu l  differential scatterireg naeasurexnents from the uncertainty 
principle viewpoint. 
APPENDIX l B  ANGULAR DISmIBUTIQN ANALYSIS. 
The understanding of laboratory d i f f e r e n t i a l  sca t te r ing  data 
Qbtained i n  molecular cross beam experiments requires  the  investiga- 
t o r  somehow t o  transform t h e  da ta  t o  the  center-of-mass (CM) sys%em. 
In so doing the  d i f f e r e n t i a l  c r ~ s s  sect ions car the theore t ic ian  may 
be compared wi th  those deduced by t h e  ex~erimentalist. 
s i t u a t i o n  fo r  completing such a t a sk  i s  t h e  citse where t h e  s t x t e -  
se lec ted  primary beams are monoenergetic and infinitesimaLly narrow i n  
angular spread, a d  t he  velocity-analyzed scattered particlea a r e  
detected with sma.l.1 enaugh angular resoPutitlla2 t o  make the ~~~~~~~~~~~ 
The most ides1 
meaningful. Referring to Fig. 1B.1. which is 8 ~ e l ~ ~ i t y  d iagrm t h a t  
exerfiplifies t h e  i d e a l i t y ,  it i s  evident t h a t  the lack of any of these  
s i t ua t ions  inplies that a unique CM d i f f e r e n t i a l  cross section for 
spec i f ied  i n i t i a l  and f i n a l  i n t e r n a l  energr s ta tes  cannot be deduced 
from t h e  experimental data, Sa as one digresses from %his  perfect ion 
on the various acccaunts, %he possibility of transforming LAB s igna l  
into CM signal uniqueby, must be abandoned. 
I% is noteworkny that, in practice, such p~si.l;y can hardly he 
approached for even elastic sca t t e r ing  processes (Psu-ge cross sec t ion)  
because the  attainment of each perfect ion further reduces the sfggaral 
s t rength  with. s6?§peCt t h e  noise of the eKpsiLTPiE%. The i s X p e r f e C t i O n  
of t h e  D + H reac t ive  exreriment on t he  various a , c c ~ ~ i n t s ,  which i s  
typical of d i f f i c u l t  ssattering experiments, implies that ~kgast~kaer 
approach t o  t h e  transfornation problem i s  in order-+ 
2 
The apprap-iate a.~Llook considered exact far  amderstanding 
the laboratory data is (EL) t o  assume that the CM d i f f e r e n t i a l  cross 
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sec t ion  i n  terms of r e l a t i v e  energy, angle and in t e rna l  states is 
known ( the  goal of the  experiment), and (b) t o  transform t h i s  cross  
sec t ion  i n t o  t h e  laboratory ( taking the  p r a c t i c a l  experimental condi- 
t i ons  i n t o  account). 
t he  data, other  t r i a l  cross sec t ions  may be introduced u n t i l  one f inds  
t h e  comparj,son f avarable e 
Upon comparison of the theo re t i ca l  s igna l  w i t h  
The formalism f o r  carrying out the above approach is w e l l  
known. 22923924 
formulation is  necessar i ly  d i f f e r e n t ,  because d i f f e ren t  experimental 
The ac tua l  means employed t o  carry out t h e  general  
s i t ua t ions  Lend themselves t o  d i f f e ren t  ana ly t ic  approximations and 
j u s t i f i a b l e  numerical procedures. 
The details of t h e  present approach w i l l  be carefu l ly  discussed 
after t h e  reader has been introduced t o  the  w e l l .  known problem. 
1. Genera?, Formalism 
Beginning from first pr inc ip les ,  it is well known tha t  t he  
1 
t o t a l  number of p a r t i c l e s  of mass m sca t te red  per sec.  i n  any a 
c o l l i s i o n  experiment i s  expressed as 
a l l  v2 
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3 where the n 
f o r  the  respect ive incident beams i n  the sca t t e r ing  region having 
volume Av(cm ); u(vr) is  the t o t a l  cross  sec t ion  f o r  t h e  production 
of p a r t i c l e s  m i  (cm / p a r t i c l e ) ;  f($i)d$i, i = 1, 2 are the beam number 
densi ty  ve loc i ty  d i s t r ibu t ion  functions; vr = :vr 
i = 1, 2 are t h e  average number dens i t i e s  (particles/cm ) i' 
3 
2 
1 2 5  4% 2 = v2 - vl and 
This  expression is read i ly  converted t o  a d i f f e r e n t i a l  s ca t t e r ing  form. 
I n  order t o  do so, consider Fig. lB.l which i l l u s t r a t e s  a s ing le  
monoenergetic s ca t t e r ing  event i n  terms of CM and LAB coordinates; 
t he  p a r t i c l e  masses mi i = 1, 2 have incident  v e l o c i t i e s  Gi, i = 1, 2 
and t h e  CM system is  moving wi th  ve loc i ty  $c. 
designated by ?; or v i  and CM ve loc i t i e s  are  denoted by wi o r  w t  
primes indicat ing after t h e  scaGtering event. Similar ly ,  m '  i s  here 
considered t o  be t h e  detected sca t te red  mass. 
LAB ve loc i t i e s  are 
i' 
-1. 
l 
The or ien ta t ion  of the 
rectangular r i g h t  handed coordinate systems are also shown. 
I n  the CM system, rectangular  and spher ica l  d i f f e r e n t i a l  
elements are related v i a  (1B.b). 
w1 = I+;] s i n  Q cos o 1 
Y 
= w;' s in0  d w i  d O  d@ = w;' d w i  dQ 
For a CM d i f f e r e n t i a l  cross  sec t ion  defined as 
evidently 
op 2a a 
(1B. 4)  
2 - 1  where Pc(wl, w") is  t h e  CM sca t t e r ing  probabi l i ty  function, The proper- 1 
l y  normalized sca t t e r ing  r a t e  in ' t e rms  of CM coordinates, ((3, @, w i )  
(lB.1, 1B.5  and 1 ~ . 6  combined) can be converted i n t o  LAB coordinates, 
(ea, Ga, v i )  handily after examining the  lat ter coordinate system. 
Examining Fig. lB.1, the  system is  conventional except t h a t  
0 -t @ and @ -t 0 i n  equations (1B. 3). Therefore a a 
1 ' dea d@,. - v 'sin @ dvl 
1 a (1B.7) 
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TheCM d i f f e r e n t i a l  elements are r ead i ly  transformed t o  the LAB var iab le  
v i a  
I 
dwl do d0 = 
The Jacobian i n  (aB.8) is readi ly  found by noting 
The intermediate transformation is unitary because -&he r o t a t i o n  and 
t r ans l a t ion  operations nezessary t o  make the rectangular d i f f e r e n t i a l  
elements si w 3 3.. and d v a. a. o c c q y  the same volume a r e  unitary. 
I 
w f 2  s i n  Q 
1 * 
Combining {U.l), (1B.51, (1B.6)s (1B.81, and ( lB . lC?) ,  the  t o t a l  
sca t te red  f l u x  in terms of do A and €AH variables is  found 
dS2 dw; (w$9 wl' 
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to be expression (1B.11). 
The expression for the LAB signal S(Oa, Qa), measilred by a detector 
viewing a nsn-infinitesimal solid angle, is readily determined from 
(1B.11). In the case of a number density detector (ionization by 
electron impact) and any other arbitrary velocity dependent efficiency 
factor e(v'> at present unspacifi-ed, the signal is determined by 1 
(1B.12). 
The factor l / v '  has been expiicitly inserted in order to convert flux L 
to nuber density. For sifxetions where other velocity biases of the 
detected signal ex is t ,  ",hey may be included at a later psint. 
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It is noteworthy t h a t  (1B.12) implies t h a t  (a) t h e  beam 
number dens i t i e s  are assumed t o  be only slowly varying spac ia l  func- 
t ions;  (b) the  detected p a r t i c l e  was  not sca t te red  a f t e r  formation, 
and ( c )  multiple s ca t t e r ing  of the  incident beams is  negligible.  
The formulation y i e lds  t o  mathematical approximation w i t h  a 
var ie ty  of addi t ional  standard s implif icat ions arisiq from lack of 
de ta i led  theo re t i ca l  information concerning t h e  angular-and-recoil- 
- L a  veloc i ty  densi ty  function, Pc (w:, , ";I. 24 These include the following: 
(a) Pc can be w r i t t e n  as the  product of t h e  angular-and-recoil ve loc i ty  
information t h a t  it contains. ( b )  The angular densi ty  can be separated 
i n t o  t h e  product of a 0 dependence, f ( Q )  and the  4 dependence; t h e  
lat ter is taken t o  be a constant.  
surface probabi l i ty  density of a given monoenergetic s ca t t e r ing  event 
for  s ing le  i n i t i a l  and final i n t e r n a l  energy states may be wr i t ten  as 
( lB .13) .  
Under these assmpt ions ,  t he  
where t h e  EormaBizstion of f(O) is  found from the requirement 
{-w'' Pc(wl, w i )  dw; = s i n  0 dO dQ, = 1. J 1  
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The Pc defined i n  (1B.13) is a gross  s impl i f ica t ion  of a real  
atom-molecule sca t t e r ing  event, because it implies t h a t  only one 
reac t ion  e x i t  channel e x i s t s  f o r  each s ing le  entrance channel. One 
might define a new Pc t o  be t h e  sum of a number of functions l i k e  
(1B.13) fo r  each single entrance and e x i t  channel. However sophis t i -  
ca t ion  of t h i s  sart  appears un jus t i f i ed  i n  the  following cases: 
( A )  The ve loc i ty  diagrams f o r  t h e  various e x i t  channels do not 
differ ca tas t rophica l ly .  
(B) The reac t ion  products have not been ve loc i ty  analyzed so 
t h a t  d IS is not known. 3 
2 CI a a"; 
8 
(C) Pc is  taken t o  be separable. 
These considerations are of ten  the  case f o r  reac t ions  o ther  than 
D + H2 -f DH + H pa r t i cu la r ly  f o r  preliminary invest igat ions.  
quently, what follows i s  appropriate f o r  a P 
Conse- 
as previously displayed. c 
BY in se r t ing  (1~3.13) i n t o  ( I . B . ~ )  and in tegra t ing  ( ~ 3 . 1 2 )  over 
V *  after transforming 6(w; - w i  ) t o  d(vi  - vlo (w' Lo ) )  via r e l a t i o n  
(1B.15) 
0 
1 
1 - 
6(v; - v '  ) wherever 
n 
=0 
n 
The index n denotes t h e  nimber of CM regions t h a t  can eontr ibute  
signa?. t o  ciaac. The bracketed portion of 369s9 I ~ 3 ~ ~ 6 3 ,  the 
contribution to S from a monoenenagetic paar  of reacting p a t i c l e s  
t h e  s impl i s t ic  separable CM d i f f e r e n t i a l  cross sec%i~n already int,vo- 
duced, even i n  the  case of e l a s t i c  sca t te r ing .  The iratsicste impli- 
c i t  in te r re la t ionships  of the  displayed qanntities sans t i t u t e s  t h e  
d i f f i cu l ty .  
of monoenergetic S(Q 
is  diseussed. 
T h i s  w i l l  become apparent when "be nmerfca3 so lu%isn  
.rr/23, OT detectican in Lhe incident be= plane, a' 
siti;lations, the bra-keted guantixy is dependent u p n  v 
i s  incidpendently equivai.dat to saying t h a t  v (= vl - vi) and Y 
(see Fig, l B . l >  variables can be used to describe f ( v  1 f [ v  1 dvl dv2, 
I n  the m o s t  general case, both v and Y depewdenses are Tound so %hat,  
and v2, which 
L 
r 
3b 2 
r 
p r a e t i c d l y  speaking, cane must construct a v B, v2 grid or i d s  ecpiva- 
l e n t  i n  v Y space, r' 
weight these r e su l t s  
evaluate t he  bracket 
with f ac to r  (1B.17) 
- Av 
1 2  v + -  2 2  
1 v * -  - 
<- i- 
i 
Av2 
"1 = vl - 2 v2 = v2 2 
.__ - - -  1 AV 
-./ - 
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at the  g r id  center ,  and 
where yl and v2 are  t h e  g r id  center  ve loc i ty  coordinates at which t h e  
bracket is evaluateti andAvl, Av 2 
Many of these individual  r e s u l t s  summed provide an estimation of 
are the  respect ive g r i d  spacings. 
( 1 ~ ~ 6 ) .  
2, Formulae 
The p r a c t i c a l  execution of the general  formalism requi res  
spec i f ic  mathematical expressions t h a t  are convenient f o r  later 
numeroanalytic solut ion.  
categories  : 
f o r  delta funct ion d i s t r i b u t i o n  funct ions,  and (b) formulae required 
fo r  estimating t h e  effects on S caused by crossed Maxwellian beam 
d i s t r ibu t ion  functfons (i. e. a combined d i s t r ibu t ion  funct ion) .  
The presentat ion of formulae fa l l s  i n t o  two 
( a )  formulae required f o r  numerically solving ( l B .  16) 
( A )  Kinematic Formulae and Conventions. 
Formulae for the transformation of CM and LAB angles and 
infinitesimal solid angles are well known. *2 '23 Unfortunately, each 
investigator usually derives the relationships that suit his needs and 
notation. To understand the generalized computer procedures developed 
in this study, it is appropriate to define the author's conventions 
and formulae which have been used in the programs. 
The formulae presented (and not derived) pertain to scattering 
in the plane defined by the incident beams and a r e  applicable to input 
and output two body elastic, inelastic, or chemical. reactive scattering 
of perpendicular crossed beams. Perpendicularity is no severe limita- 
tion because the formulae a r e  readily adaptable for oblique intersec- 
tion should the need arise. 
the effects sf non-unidirectional beams). 
some conventions are similar to Morse and Bernstein. 22 
definitions are listed between (1B.18) and (IB.20). 
(This would be desirable in estimating 
For reasons o f  uniformity, 
Standard 
2 m w = v  
'"a, + m,) 1 s  
(with an analogous formula 
for w,) (1s. 19 1 
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2 E = L/2pvr is the initial relative kinetic energy and 
r-- 2 '2 '2; 
= 'I2 + m2v: - - m; v2 1 is the endothemicity. 
I 
(13.21 ) 
where 
1 
holds only for $l I T 2  
with positive directions defined in Fig. 1B.I. 
9 = 0 and = (in-plane) the LAB angle 0 corresponding to any 
CM angle Q for any relative velocity vector angle YI can be found 
For the case, v l v 2 ,  1 
7r 
a 
for all physically possible values of r and f" by the following relations: 
1 
when x 2 0 
I 
x = rJf cos = f cos ( 0 - Y )  
* I 
(b) ea = laoo + e l  when x 0 and y 2 0 
* I 
(c) ea = -180' + when x e 0 and y c 0 ( 1B. 22 1 
The positive sense of Ba and 8 is defined in Fig. 1B.l. The 
respective domains are 
-180' 8 e 180' and 0 0 K 360*. a -  - 
For the perpendicular iaa-plane case, only when f/r 5 1 do 
there exist m a x i m u m  and minimum LAB angles (tangents to the recoil 
circle). 
according to the previous conventions in (1B. 23 1. 
+ These will. be denoted Bo and 6; respectively and are defined 
The modified CM to LAB solid angle Jacobian expression, 
and the @a V' 1 , must be expressed explicitPy in terns of 
Wt2lC0S 1 5 I 
parameters corresponding to a general reaction in order that it can 
be analytically integrated over a finite detector solid angle. For 
velocity diagrams 52 all possible ratios r/f, careful inspection of 
Fig. PB.l leads to the c~nclusion that C is always expressed as 
8ct = 
5 ’  8 - Y -  
It is a l s ~  apparent by t h e  Law of Sines t h a t  
From in-plane appl icat ion of 
I 
1 v ‘ W  c 1  ‘ 2  + - a1 
I 
1 VL = fWl cost 5 fw 
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(1B.24) 
the Law of Cosines i n  the  form ( 1 ~ . 2 6 ) ,  
1 
W CQS 5 1 ( 1 ~ .  26 1 
By subs t i t u t ion  o f  (11E3.25) into (lB.27) and careful inspection of t he  
r e s u l t  (considering a3.1 possible reactiop: geometries), one is l e d  t o  
t h e  conclusion t h a t  all cases i n  t h i s  s ign  convention may be summarized 
as (lB.28). 
With (1B.28) in h a d ,  consideration 0f the modified Jacobian expras- 
s ion  Leads t o  the results, (13.29). 
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everywhere Par r/f 2 l and in the forward scattering 
everywhere in the reverse quadrant when s/f 1 
Application of (1B.24) yields an axpression of cos 
and is defined by (lB.30). 
%or all cases 
Evidently, (lB.29) and (lB.30) constitute the desired in-plane expres- 
sions which are w e l l  used in Appendix 163. 
It can be noted d s o  that, should one wish an expression for 
I 
v it is readily determined in-plane to be ( l B , 3 1 . )  + 
1 9  
I 
Such an cxpseasian is convenient when considgsing additional. velocity 
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(B)  Dis t r ibu t ion  Function Relations.  
For (1B.17)  t h e  concept of dividing the  combined d i s t r ibu t ion  
function i n t o  a ve loc i ty  g r i d  was discussed i n  t h e  general  case. 
ce r t a in  experimental s i t ua t ions  such as D + H2 + HB + H where angular 
and ve loc i ty  r e c o i l  information suggests t h a t  AE/E '0, it is  unnec- 
essary and wasteful t o  go on w i t h  t h e  most general  procedure. 
In  
For t h e  case AE/E = 0 and e ( v ' )  s t i l l  a rb i t r a ry ,  invoking 1 
sepa rab i l i t y  of angular and r e c o i l  ve loc i ty  dens i t ies ,  it can be 
demonstrated t h a t  the  delta function ve loc i ty  d i s t r ibu t ion  LAB s igna ls  
a t  a l l  angles are independent of E but s t i l l  Y dependent. 
phenomenon appears in-plane whenever s/f is  constant f o r  a l l  energies;  
s ince r is  not energy dependent, the  energy dependence of f controls  
t h i s  behavior). 
imation i s  always prec ise ly  t h e  case f o r  e l a s t i c  scattering; it usual ly  
can be approximately correct only for i n e l a s t i c  and r eac t ive  scatter- 
ing at  thermal energies.  
(This 
It i s  noteworthy tha t  t h e  ~~~n~~~~~~ 5.n t h i s  approx- 
As a r e s u l t  of t h i s  observation, only the averaging e f f e c t s  
due t o  the  va r i a t ion  0% H need be considered. 
f o r  the ith diagram (1B.17)  expressed i n  vr, H coordinates appears i n  
(lBb32), 
The weight function 
(1B.32) 
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where t h e  bracketed quant i ty  can be integrated ana ly t ica l ly  even f o r  a 
w e l l  behaved but pathological a ( v  ); and t h e  second in tegra t ion  r 
(usual ly  not ana ly t i ca l ly  feasible) extends one half  a Y g r i d  width 
each side of I. where t h e  s ing le  diagram s igna l  o f  t h i s  weight i s  
evaluated (at  an a r b i t r a r y  energy when AE/E i s  precisely zero).  
Evidently, a l l  diagrams between Y 
par t i cu la r ly  i f  one des i res  t o  use the  calculated r e s u l t s  f o r  the purpose 
of placing an absolute value on the  d i f f e r e n t i a l  crass  sect ions.  
3. 
= 0 and Yb = r/2 must be considered, a 
The two spec i f i c  simphe t o t a l  cross sec t ion  energy dependences 
t h a t  have been considered f o r  D + H reac t ive  sca t t e r ing  follow. 2 
For the  cr8s8 sec t ion  
a h r )  = Q 
= O  
v > v  r -  r 
Q 
o * = v  < v  a: r 
Q 
where v 
(lB.32) can be wr i t ten  as (hB.34),  
i s  the  r e l a t i v e  ve loc i ty  corresponding t o  ac t iva t ion  energy, r 
Q 
.- x e 
AY 
2 Yi + - 
yi 2 
I -  
dY (1B.34) 2 \ 
(2 d3 sin ( 2 Y )  x2 - 2x + 2 I 4c, J L .-"* 
AY - -  
= 6 + 6 cos(2Y) with the  o ther  de f in i t i ons  s d  where x 5 - -< v * 
i d e n t i c a l  t o  those found i n  P a r t  TWQ, Appendix 2D.1. 
and 
Q 
' T  
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For t he  cross sec t ion  
2 
r 
'r 
V 
0 dvr) = o(l - 
= Q  
t he  ith weight function becomes (lB.36) 
v > v  r -  r 
0 
Q C V ~ C V  d r 
0 
i 
- B Y  - -  
'i 2 
X e s in2  ( 2 ~ )  .-x + 2 
( 2  > 3  
d Y  
3. Numerical Solution of S(Ba, @a = r/2) for Delta Function 
Dis t r ibu t ion  hnc.a;isass. 
Consider 
(1~.36) 
It is possible  to i n t eg ra t e  ana ly t i ca l ly  (1B.37) over a s m a l l  LAB det- 
ector angle. 
i n t e r v a l  smaller than the angle which the detector  subtends i n  the  Qa 
d i rec t ion  (a?, K> but equal to t he  f u l l  de.t;r;stor subtended angle i n  the 
@ d i rec t ion  ( 2  A B ) .  (See Fig. 1 B . 2 ) .  With t h i s  choice we requi re  tha t  
One way af accomplishing t h i s  is .to choose an in tegra t ion  
a 
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Reverse Microcosmic Recoil Circle 
Region 
Figure 1B.2, Genaral in-plane velocity diagram i l lustorating subdivision 
si' the Target-detector sol id  angle into micrssosmic s o l i d  
angles. 
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(1) f (0) be varying slowly over the  in tegra ted  s o l i d  angle 4 ( A  8 )  (A 6) ; 
( 2 )  the  deviation of v i  i n  t h e  out-of-plans regions from the 
'2 
w 1 lcos si 
in-plane expression be negl ig ib le  so t h a t  @ 
expression, and 
does not appear i n  the  a 
( 3 )  v' barely devia tes  from i t s  average in-plane value over t he  in t e r -  1 
val ( i n  accord w i t h  the  v '  delta function in tegra t ion  previously 
ca r r i ed  out  ) . 
1 
By in tegra t ing  (1B.37) f i r s t  i n  t he  (Ba d i r ec t ion  from Q, 
t o  @a 
obtains  2 A B  assuming s i n  (Ba = 1 over t h i s  region. 
the general in-plane expression f o r  v: , (IB.29) and in tegra t ing  
= n / 2  - 5 3  
al 
= IT /2 + A B  where A B  is t h e  target-detector h a l f  width,  one 
2 
After in se r t ing  
L 
' 2  
1 w ]cas s] 
0 from Oa = 8 - A K  t o  Oa 
1 2 
= B + AK vhere B is  the mean in-plane a 
LAB angle (sea Fig. 3B.2)  the  microcosmic signal (1B.37) becomes 
( l B . 3 8 )  f o r  a contribution either from the  "forward" OF from t h e  
reverse" CM regions. 11 
where the  Oi ,  i = 1, 2 are t h e  respec t ive  CM angles carrespanding t o  
Ba , i = 1, 2 and f (8 )  i s  evaluated at t he  mean CM angle. 
emphasized t h a t  i n  the hypothetical  case shown i n  Y i g .  lB.2 (f/r  < 1) , 
It i s  
i 
06 
the detector solid angle, 4 ( A  6) ( A B ) ,  always receives two CM contribu- 
tions when the detector is at "A". When it is locaixd at "B" there 
are two contributions for Qals that intersect the recoil circle and 
zero contributions for no intersection. 
c' where the recoil circle radius is greater than the magnitude of v 
the unique one-to-one correspondence between CM and LAB angles implies 
only one contribution. 
contribution to the detector (solid angle, 4(A  B )  
region will be 
For the simpler case, f/r > 1, 
Examination of (1B.38) reveals that the full 
from any given CM 2 
where i is the number of microcosmic solid angles lying within 4 ( A B ) 2  
and 
These observations suggest a simple procedure for practically 
calculating the theoretical. signal averaged over deteckor angle for an 
arbitrary f(O) and e (v ' ) .  
( A ) .  Divide the (I-ivl recoil circle into s m d l  equal increments, 
tive weighting factor corresponding to the computed 
increment. BO this operation far every 0 :Q e o e 360" 1. 
( B ) .  Consider the ac tua l  detector conic s o l i d  angle (Fig, lB.2, 
it i t  A 1 and sun ~p all mieracosmic contributions which fall 
The sun 2 within this so l id  angle of b(Ak3) located at B. 
constitutes the s igna l  for +,hat B. 
This single velacity diagram sorting operation has  been computerized 
for an arbitrary reaction. This procedure, Subroutine SIGNAL, is 
utilized with Subroutine BIIFFQ, whish contains the elements f f e  i+k .b 
For present needs e is taken to be constantl 
Q ijl I 
2 '.- 
These progrms will be 
described subsequently. 
 os the case of etvi) differcent from a constant, this velocity 
dependence can be introduced readily when the CM to LAB angular csrrespsn- 
dences are calcula,ted. The modified ~ ~ ~ ~ ~ ~ ~ r n i ~  elements to be sorted 
4. Numerical Solution of t he  Multi-Diagram Weight; Factors. 
The d i s t r i b u t i o n  function weight f ac to r s ,  which appear i n  
(1B.34) and (118.36), have been evaluated numerically by t h e  Gaussian 
Quadrature (n  = 16)  formula: 25 
25 Uk and % are the  GQ tabulated constants.  
The computer program f o r  evaluating the equations of i n t e r e s t  
appears i n  t h e  program l i s t i n g .  
has been checked nuunericau for  a d i r e c t  error estimate. 
concluded t h a t  the  weights calcaiBated for  multi-diagram averaging have 
b e t t e r  then 5 s ign i f i can t  f igure accuracy. 
The normalization of (1B.34) and (lB.36) 
It can be 
The automated procedures f o r  carrying out the  evaluation of 
S(B, n/2> for d e l t a  function cross  beam veloc i ty  d i s t r ibu t ions  and f o r  
t h e  previously discussed approximation using CFQSG beam Maxwellian 
velocity distributions have been constructed. 
F O R T W  XI listing presented in this sectiono the program is composed 
SUBROUTINE DIFFQ, SUBROUTINE SIGNAL and 
As evidenced by the 
Subroutine WEIGHT. 
The first three units w e  required for the d e l t a  function 
e signal. In this mode one usually selects the most probable 
velocity diagram and kinematics for the experiment and varies the CM 
differential cross section contained in a, BIFFQ until the calculated 
LAB signal agrees i t a  approximate shape with the experimental results. 
bowing this CM function, one can use a l l  units together for the pur- 
pose sf taking the realistic beam distributions into account. 
appropriate to describe each unit and to list the definitions sf 
FORTRAN variables in terms of those appawang in Section lB2, following 
the conventions specified there. 
( A )  MAIN Program, 
It is 
To perform any computation requires first ~ ~ e ~ ~ ~ y ~ n ~  the reac- 
tion kinetics. This i s  ~ ~ ~ o ~ ~ ~ ~ s ~ e a  by indjbeating %he par t ic le  m sses 
(a,m.u. 1 before and after reaction, *he ~e~~~~~~ energy and ~~~~~~~~~~- 
city (e.v.1 and the sekative velocity angle (degrees, cos -a (v 4 " ~ ~ ) ) .  F 
 he CM differential .  CL"CPSS ~ e ~ t i ~ n  function 2% then specified (see ( B B  
DIFFQB a 
The FORTRAD variables which specify the ~ ~ e ~ i ~ ~ ~ ~ ~ ~  situation 
are DDrn and DFMC. 
h a f  angie (degrees); the la t ter  is  the laborat,ory angle increment 
The former represents the  et^^^,^^ eanic 
(degrees) &t which the signals will be c ~ ~ ~ ~ t ~ ~ ~  The ~~~~~~ ~~~~ 
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begins at B = -180 + DDET and automatically proceeds t o  B = 180 - DDET 
i n  angular s t eps  of DFRAC (see l i s t i n g  f o r  SIGNAL). 
The remaining var iab les  f o r  a s ing le  diagram ca lcu la t ion  are 
FRACT and IMAX. 
angular width (degrees) .  
(1) t h e  CM function is r e l a t i v e l y  constant over t h i s  i n t e r v a l  through- 
out the  e n t i r e  domain of de f in i t i on ,  and ( 2 )  t he  laboratory increment 
corresponding t o  t h i s  CM increment i s  s m a l l  (- 
the  f u l l  in-plane detector  width ( 2  A B )  for a l l  CM regions t h a t  make 
a contr ibut ion t o  t h e  LAB s ignal .  
smaller, the s igna l s  calculated converge c loser  &s %he ac tua l  value. 
I n  the  D + H2 case,  FRACT w a s  never reduced below .a25 degrees, be- 
cause the difference i n  calculated s igna l  im t h e  worst region (8 
far t h i s  value and double t h a t  value was i n  t h e  th ird  s ign i f i can t  
f igure.  Should t h i s  var iab le  be reduced below .125$ the  array dimen- 
sions of CD, DT and TA must be expanded t o  accommodate t h e  i n t e r n a l  
var iab le ,  MONEY. 
The first; var iab le  spec i f i e s  t h e  CM microcosmic 
It must be selected small enough such t h a t  
1/10) compared w i t h  
As FRACT i s  experimentally made 
0) 
IMAX is  the  number of diagrams t o  be computed fo;* any calcula- 
t i o n  spec i f ied  by the previous var iab les .  
s ing le  d i a g r m  ca lcu la t ion) .  
terms of computer t i m e ,  safeguards have been provided i n  MAIN i n  the 
event t h a t  an atrocious e r r o r  arises i n  i t s  s ingular  specif icat ion.  
For multi-diagram averaging t o  be accomplished, three addi- 
(SMBX = l corresponds t o  a 
Since t h i s  var iable  is very powerful i n  
t i o n a l  ElOn-ZdrQ var iab les  must be specif ied:  T I ,  "2, and FWC2. The 
first two are the  respect ive beam temperatures. The last is the  rela- 
t i v e  ve loc i ty  angle f u l l  g r id  width. 
together after studying the r e s u l t s  of weight for t h e  pa r t i cu la r  
experimental s i t ua t ion .  
i n  general  unless t h e  results of SIGNAL f o r  the s ing le  diagram mode are 
found t o  be independent of energy to good approximation f o r  f ixed 
r e l a t i v e  ve loc i ty  angle. Also, i n t e l l i g e n t  spec i f ica t ion  of PSI i n  
t h i s  mode requires  p r i o r  knowledge of t h e  speclfie weight function as 
a function of PSI. 
IMAX and FRAC2 must be se lec ted  
Evidently, t h e  procedure i n  MAIN cannot be used 
When t h i s  MAIN is used w i t h  t h e  appenaed subroutines,  it 
produces absolute t h e o r e t i c a l  s igna l  r e s u l t s  when multiplied by t h e  
fac tor  
e n  n Ava N (1Be42) 1 2  
where e i s  the detector  eff ic iency f a c t o r ,  n i. = 1, 2 a re  the average 
reac t ion  region number dens i t i e s ,  Av i s  %he react ion region volume, 
i) 
CY i s  t h e  t o t a l  cross sec t ion  and N is t h e  t ~ ~ m ~ ~ l i z t ~ t i ~ n  cons ant f o r  
the CM d i f f e r e n t i a l  function. N i s  determined from 
It i s  noteworthy t h a t ,  f o r  some t y p s  of multi-diagmm averaging, N i s  
not i d e n t i c a l  for  each diagram, so i n  t h e  general s i t ua t ion  N must be 
ineluded d i r e c t l y  i n  D%FF$ ( e. g . d i f f e r e n t  separable cross sect ions i n  
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mailti-state summing). 
( B )  SUBROUTINE DxFFQ* 
This  program is  ca l led  by M A I N  t o  ca l cu la t e  , p r i n t  (non- 
zero elements), and s t o r e  the  average d i f f e r e n t i a l  cross  sec t ion  f o r  
each misrocosmic CM in t e rva l ,  FRACT. I n  order tha t  these r e s u l t s  can 
be cor rec t ly  used by SIGNAL i n  t h e  sor t ing  operation, they must be 
s tored i n  the a r ray  CD(M) such t h a t  t h e  M = 1 element i s  t h e  first and 
c loses t  evaluation near 0 = 0' and M = MONEY is  the last and c loses t  
evaluation near 0 = 360'. These ca lcu la t ions  are contained i n  a 
separate  program so t h a t  DIFFQ, can be readi ly  changed for other  c i r c u -  
stances. 
The par t i subar  DIFFQ appearing i n  t h e  l i s t i n g  is evidently 
useful for a variety of d i f f e ren t  shaped cross sect ions for predominantly 
backward sca t te r ing .  
width and the power far t h e  cosine function centered about 0 
are read into the  prcgrm through the  MAIN. 
i n t e rna l ly  defined can be found in Table 1B.1. 
The var iab les  AM and AN9 which cont ro l  t h e  angular 
= 18QQ, 
FORTRAN variakles not 
This  program. i s  ca l l ed  by the  MAIN t o  sor t  out. and sum Ll.1 t h e  
microcosmic s igna l s  which fall within the t o t a l  effective target-detector 
s o l i d  angle. 
concepts discussed i n  Section l B 3  f o r  any s ing le  in-plane ve loc i ty  dia- 
It is  set u~ to perform this operation according t o  t h e  
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gram (using the cdculated differential cross section results that are 
calculated in DIFFQ) and to multiply these results by PR, which is the 
desired diagram weight factor available in the MAIN. 
are performed, it prints all the weighted results (kinetically possible 
even when they are zero) that are calculated and stores them in the 
two-dimensional array$ GA9 for possible later use by the M A I N  in multi- 
diagram summing. 
efficiency factor, 4-f;) , deviates from the standard neutral density 
detector efficiency (i .e ,  elv' ) = constant in those conventions). 
As these operations 
This unit need not be modified unless the detection 
I 
In the event that e:".v') is not a constant, SIGNAL is readily a 
modified for any circumstances. 
v' (lB.31) appears in terns of variables that have direct FORTRAN 1 
variable equivalence ( see Table 1B. 11, evidently a velocity array , 
V ( M )  can be computed and stored immediately after Statement 20. 
statenents between 101 and 134 in which DT(M) = CD(M) w o a d  become 
DT(M) = CB(M) * V ( M ) .  
Since the snzbbytic expression for 
A l l  
This is the extent of the modification. 
When the MAIN is operating in the multi-dfagrm summing mode, 
it ceUs WEIGHT prior to calling SIGNAL since kR i s  utilized by the 
latter. 
situations. 
WEHGW is separated to facilitate its modification for arbitrary 
The particular WEIGHT shown in the listing is self-explanatory. 
Each step is readiky understood with the use of Table l B . k  and Section 
94 
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TABLE 1B.l 
PSI 
EO 
PI 
P2 
PPl 
FP2 
DE 
DDET 
DFRAC 
FRACT 
Ta. 
T2 
PR 
I 
m c 2  
AM 
AN 
( A )  Definitions of COMMON Variables 
FORTRAN Variable M ~ ~ ~ ~ m a t ~ ~ ~ a .  V riable 
Y 
E 
0 
ml 
m2 (a.m.u. $ 
(degrees $ A& 
- 0,) 
df agrm number index 1 
A I ,  CIB.32) 
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(B) SUBROUTINE SIGNAL (See Section C). 
FQRTRAN Variable 
ALPHA 
BETA 
BZM 
BZP 
F 
R 
THA 
TB 
XP 
YP 
Other variables are i n t e r n a l l y  defined.  
ALPH1 
ALBB2 
ALPHA 
BOLT2 
Cd 
DELTD 
D G T S  
msQJ= 
X 
Mathematical; Variable 
(1B.21) 
B 
&3+ 
Q 
f 
r 
% 
O 
X '  
Y' 
c & d  
i x .- _, -. L
2 v 
FO 
X 
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(D) Program Listing 
PAGE 1 OUAL PURPOSE M A I N  FOR CM T O  L A B  ANGULAR D I S T R I B U T I O N  CONVERSION 
C S I N G L E  AND M U L T I - D I A G R A M  AVERAGING W I T H  S I G N A L I D I F F Q ~ A N D  WEIGHT 
C OUSERVE C H O S S  S E C T I O N  NORMAL1ZATIL)N R E S T R I C T I O N S  OF D I F F Q  
C OHSERVE THE N C R M A L I Z A T I O N  O F  WEIGHT 
COMMON P S l a E O ~ P l r P Z , P P l ~ P P 2 ~ D E ~ ~ f l E T ~ O F R A C T ~ ~ l ~ T 2 ~ P R 9 I ~ F ~ A C 2  
D I M E N S I O N  C 0 ( 2 8 8 0 ) r D T ( 2 8 8 C ) r T A ( 2 R 8 0 ) r C A ( 3 6 C 1 2 C ) o G D ( 3 6 0 )  
COMMON C C I D T ~ T A ~ G A V G D  
C(1MMON AMI AN 
100 READ l r P l r P 2 r P P l ~ P P 2 ~ O D E T , D F R A C ~ D E ~ F R A C T ~ I ~ A X  
1 FORMAT ( 6 F 5 e C e 2 F 1 0 . 0 1 1 5 )  
T 1 = 0 *  
T L = C  e 
F R A C Z = O  o 
MONEV=360. /FRACT 
M U E T z 3 6 0  e /DFR PC 
I F ( Z 8 8 O - M O N E Y  1 1 0 0 9 2 r 2  
2 I F ( 2 0 - I M A X )  1COv3r3 
3 I F ( 3 6 0 - M D E T )  1009494  
4 I=O 
5 READ 6cPS1,EOpAMeAN 
6 FORMAT ( 4 F l O . C )  
I F  ( I M A X - 1 9  5 9  5 9  110 
C L A B  S I G N A L  FOR ONE V E L O C I T Y  D I A G K A M  
I = I + l  
C A L L  D I F F Q  
P H = 1  o 
C A L L  S I G N A L  
GO T O  100 
110 READ ~ O I P S I ~ E C I A M , A N I T L ~ ~ ~ ~ F R A C ~  
10 FORMAT (7F10.6)  
I F ( F R A C 2 )  1 0 0 e l O C t 1 1 6  
116 I F ( T 1 )  l O C 1 l O C * 1 1 7  
117 I F ( T 2 )  1 0 3 9 l O C e 1 1 8  
118 C O N T I N U E  
C L A B  S I G N A L  FOR I P A X  V E L O C I T Y  D IAGRAMS WEIGHTED AND SUFMED 
C APPROACH V A L I C  WHEN DE/EO=O.  
C A L L  OXFFQ 
P S I = P S  I - F R A C 2 / 2 e  
120 P = 1 + 1  
P S I = P S I + F R A C Z  
C A L L  H E I G H T  
C A L L  S I G N A L  
I F t I M A X - I 1  2 0 C , 2 0 0 r l Z O  
BETA=-OFRAC- lE5 .+00ET 
P R I N T  301 
200 e=o 
205 N=O 
301 FURHAT ( P H l 2 2 ) .  TOTAL AVERAGED S I G N A L 9  
131H ( T H E  P R E C E D I N G  R€S\JLTS SUMMED)) 
PAGE 2 QUAL PURPOSE MAIN FOR CM TO LAB ANGULAR DISBRPBUTlON CONVERSION 
PRINT 302 
302 FORMAT (10X 21H SPECTROMETER D E G R E E S I P ~ X  P3H T O T A L  StCNAL9 
210 L=L+lL 
RETA=BETA+DFRbC 
K =O 
GL, I L 1-0 s 
GD( L ) =GA (I.. 9 I 1 +GO ( L  3 
I F l I M A X - I )  23C1230~220 
220 I = I + l  
230 I F I G O ( L ) )  245~245r235 
235 P R I N T  ~ L O I B E T I W G O ( L )  
310 FURMAT ( L O X  F10e21P5X EPS.80 
N=N+ 1 
245 IF(lBO~-DDET-@ETA) 100~1030250 
250 K F l 5 0 - N )  2 0 5 r 2 0 5 r 2 1 0  
END 
99 
SUBROUTINE S I G N A L  
COMMON 
D I M E N S I O N  C D ~ 2 8 8 0 ) ~ D T ~ 2 B 8 0 ~ ~ T A ~ 2 B ~ O ) e G A ( 3 6 0 r 2 0 1 1 G O ~ 3 6 ~ ~  
COMMON C D I D ~ ' ~ T A I G A ~ G D  
P S I  0 EO c P 1 9 P 2  o P P 1  r P P 2  (DE ,DDE?IDFRACIFRACT~TI  r T 2  9PRo I oFRAC2 
C S I N G L E  V E L O C I T Y  O I A G R A M t D E N S I T Y  DETECTOR S I G N A L  
C AWERAGED OVER I N - P L A N E  TARGET-DETECTOR S O L I D  ANGLE 
C FOR THE S P E C I F I E D  D I F F Q  
C COMPUTE AND STORE L A B  ANGLE CORRESPONDING T O  k A C H  CM ANGULAR 
C INTERVAL END P O I N T  
MElN E Y = 3 6 0 .  / F R bC T 
P = 3  e 14159/ 180 e 
P S I K = P S I * P  
S P = P 2 * S  I NF ( PS I R  1 
C P = P l * C O S F  ( P S  I R  1 
SOC=SP/CP 
A L P H R = A T A N F ( S C C !  
A L P H A = A L P H R / P  
DEDEO=DE/EO 
A K I T H = l . O - D E D E O  
FSQ=Pl*PP2*ARITH/4PPl*P2b 
F = S Q R T f ( F S Q )  
C A L F = C O S F ( A L P l - R )  
S A L F = S I N F ( A L P k R )  
D E N S Q = ( C A L F a C P l F ) / ( P 1 * P l ) + ( S A L F ) / ( P 2 * P 2 )  
D k N = S C R T F ( D E N S Q )  
R = l  e O /  ( P 2 * D E N  1 
H D F = R / F  
XONE=RDF * C A L  F 
YONE=ROF*SALF 
A L G E E = ( P r + P 2 J r F R A C T * P + P R / ( F a P 2 )  
M=i-J 
TH=- FR ACT 
15 M=M+I. 
TH=TH+FRACT 
THR=P*TH 
D I F F = T H R - P S I R  
X T W O = C O S F ( D I F F )  
Y T W O = S I N F I D I F F )  
YP=YONE+VTWO 
X P = X Old E + X T M O 
YDX=YP/XP 
T l i A R t A T A N F  ( Y D X  1 
I F ( X P )  L 6 r l 7 ~ 1 7  
16 I F ( V P 1  19,16t16 
1 7  THA=THAR/P 
GO T O  20 
1 8  T H A = 1 8 0 0 + T H A R / P  
GO T O  20 
19 THA=- lBO.+THAR/P 
20 T A ( M ) = T H A  
I F ( MON E Y-M b 7 5 P 7 5 t 15 
75 F D R = L e / R D F  
C PREPARE T O  SORT H I C R O C O S M I C  SIGNALSICOMPUTE V A R I A B L E S  NEEDED 
C TO ROUTE AND SORT FOR THE S P E C I I F I E O  K I N E M A T I C S  
I F I F O R - L O )  8 0 ~ 8 1 r 4 0 0  
80 BKISQ=1.O-FDR*FDR 
B R I = S Q R T F (  BR I SO 1 
100 
PAGE 2 
FORDB=FDR/BR I 
R L I P R = A T A N F ( F C R D B )  
O Z I P = H Z I P R / P  
GO TO 82  
8 1  HZIP= ' lO.  
82  B Z P = B Z I P + P S I  
B Z M = - U ~ I P + P S I  
BLMM=( BZP+RZM 1 / 2 0  
400 B f T A = - D F R A C - l  e0 ,+CDET 
C S O R T ~ S U M I P K I N T I A N D  STORE MICROCOSMIC S I G N A L S  FROM L A B  ANGLES 
c - 1 B O * + D D E T  ( D E G R E E S )  10 1 8 0 e - Q D E T  AT I N T E R V A L S  OF QFRAC 
306 L = O  
309 N=O 
P K I N T  1 
1 F U H M A l  ( P H 1 3 4 k  R I G H T  ANGLE CROSS BEAM S C A T T E R I N G t  
1 4 Z H  AVERAGED S I G N A L  FOR THE SHOWN PARAKETERS, 
126H 9 MASS ONE P R I M E  D E T E C T E D / )  
P K I N T  11 
11 FORMAT ( 1 0 X  9t- MASS O N E t 1 6 X  9 H  MASS TWO, 
P L l X  1 5 H  MASS CNE P R I M E q l O X  15H MASS TWO P R I M E ,  
l P O X  14H WEIGHT FACTOR) 
P K I N T  1 2 r P l * P i r P P l p P P Z r P R  
12 FORMAT ( 6 X  F 1 4 . 2 r l l X  F l 4 . 2 r l P X  F 1 4 . 2 9 1 l X  F14.2.9X E15.8) 
P K I N T  2 
2 FORMAT ( 2 3 H  R E L A T I V E  ENERGY ( E . V . ) r 2 X  19H K.E. DEFECT ( € . V I ) *  
16% 2 3 H  ( D E F E C T ) / ( H E L .  E N E H G Y I r  
1 5 X  2 6 H  REL. VEL. ANGLE ( D E G R E E S ) )  
P R I N T  ~ ~ E U , D E I D E C E O ~ P S I  
3 FORMAT ( 5 X  F l 5 . 8 p l O X  F 1 5 . 8 * 1 O X  FPS.892OX F1O.Z) 
7 FORMAT 1 2 5 H  DETECTOR W I D T H  ( D E G R E E S ) @  
P R I N T  7 
1 4 X  21H SPECTRCMETER DEGKEESI 
2 5 X  20H SPECVRCMETER S I G N A L )  
305 BETA=BETA+DFRPC 
A L I M E H E T A - D D E T  
BLIM=tJETb+ODET 
WIDTH=Z.O*DDET 
L = L + L  
I F (  F O R - 1  e 1 99 e 9 9 8  111 
99 I F ( B E T A - B Z M M )  1001111r120 
100 I F I B L I M - B Z M I  l G l e 1 0 1 r A 0 2  
102 I F ( A L I M - B Z M )  1 0 3 r l l l e 1 1 8  
120 I F ( A L I M - B Z P )  1221101r101 
122 I F t B L I M - B Z P I  111111l t130 
BO1 QSW=O*O 
203 M=ci 
105 M=M+P 
I F ( T A ( M ) - S L I M )  104s104t106 
104 OT ( M  )=LO ( M  1 
GO T O  107 
GO TO 300 
B O 6  DT M 1x0 e 0  
107 I F ( M 0 N E Y - M I  1 C 8 r 1 0 8 r l C 5  
108 M=Q 
1109 M = M + 1  
QS=O e 0 
D S = D T (  M I + O S  
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PAGE 3 
IFtMONEY-Mb 1409P40r109 
1 4 0  D S W = D S ~ ( B L I M - @ Z M l ~ P r A L G E 5  
111 M=O 
112 M=M+l 
1 1 7  DT(M)=CD(M9 
GO TO 1 1 9  
118 DT(M)=C.O 
113 M=O 
1 1 4  M=M+1 
1 1 5  DT(M)=G,O 
1 4 8  M=O 
149 M=M+l 
GO TO 299 
IF(TA(MI-BLIM1 l l l o l P i ' r 1 P 8  
1 1 9  IFtMONEY-MI PP3rL13r112 
IF(TA(M)-ACIMI P 1 5 ~ 1 1 5 e l l b  
116 IF(MONEY-M) 148pb46plb4 
os=o e o  
DS=DT(M)+DS 
IF(M0NEY-M) 150r150r149 
150 D S W = D S + I R L I M - 6 L I M ) ~ P a A e G E B  
1 3 0  M=O 
1 3 1  M = M + 1  
GO T O  299 
IF(TA!M)-ALIM) 132,132r133 
GO T O  134 
132 DT(M)=O.O 
133 DTIM)=CD(M) 
1 5 8  M=O 
159 M = M a l  
1 3 4  JF(M0NEY-MI 158r1589131 
D S = O  
DS=DT ( M 1 +DS 
IF(M0NEY-MI P C 0 ~ 1 6 0 r 1 5 9  
GO T O  299 
160 D S W = D S ~ ( B L P - A C I M ) ~ P ~ A L G E B  
299 PRINT 8rWIDTH,BETA,DSU 
8 FORMAT (8X FLCe2915X FlOe2rl5X EP5.89 
N=N+l 
300 GA(LpI)=DSW 
3 0 1  IF(5O-N) 309u3G993C5 
500 CONT I N U E  
RETURN 
E N D  
IF (1801-DDET-€ !ETA)  500t500p301 
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SUBROUTINE D I F F Q  3 
c PREDOMINANTLY HACKWARD S C A T T E R I N G  
c BEWARE OF ADSCLUTE VALUES OF AM GREATER THAN 4.5 
CUMMON P S I ~ E O e P 1 ~ P 2 ~ P P l ~ P P Z ~ ~ E ~ D D E T ~ D F ~ A C ~ F R A C T ~ T l ~ T Z ~ P R ~ ~ ~ F ~ & C ~  
D l M E N S l O N  C D ( Z R ~ O ) r n T ( 2 8 R O ) p T A ~ Z B ~ ~ ~ ~ G A ~ 3 6 0 1 2 0 ) o G O ~ 3 6 ~ ~  
CCIMMON C C  9 DT P TA 9 GA 0 GO 
ClJMMOIU, A V O  AN 
MUNEY=360 . /FRbCT 
C R t S U L T S  OF THE M A I N  ARE GOOD A8SOLUTELY TO WlITHlIN VHE 
C CROSS S E C r I O h r  N O R M A L I Z A T I O N  CONSTANT WHICH IS FACTORABLE 
C FOR A L L  GIAGRbMS I N  THE R E C O I L  LNERGV-ANGLE S E Q E R A B I L I T Y  
C CASE SHOWN BELOW 
C CLlMPUTE AND S T O R E  CM D I F F E R E N T I A L  C R O S S  S E C T I O N  AT THE MIDPOINT 
I: OF EACH CM AAGULAR l N T E R V A L  
M=Q 
T t i=-FR AC T / 2 
PUW€R=AN/Z. 
P R I N T  50 
P=3.14159/b80 u 
6 N=O 
50 FORMAT ( l H l 4 2 l -  CENTER OF M A S S  O I F F E R E N T I A L  CROSS SECTIONp 
124H ( C O S ( M ( T ~ E T A - l 8 0 ) ) ) + + N 1 L O X  3H M = o l C X  3H N t )  
P R I N T  5 l r A M v P C W E R  
511 FUHMAT ( 7 1 X  F 1 O e 2 9 4 X  F 1 0 . 2 )  
P R I N T  52 
5 2  FURMAT ( 1 9 H  TI-ETA BCM DEGREES)ePIX 14H C R O S S  S E C T I O N )  
7 M=M+1 
TH=TH+FRAC T 
I F ( A M )  3199r3C 
30 I F ( A K - 1 . 5 )  99'4~32 
3 1  I F ( A M + l e S )  32.999 
32 C O N T I N U E  
IF( 1 2 O . - T t l )  6 s 9 ~  11 
8 IF(24Je-TH) 11.999 
9 AKG=AM*P* (TH-10Oe)  
Q=COSF(ARG) 
I F ( 6 ) )  1101091C 
PO QRT=SQRTF(Qb 
QPOW= ( CRT**AN 1 
CD(M)=QPOW 
N = N 4 1  
P l i I N T  LOOITHICO(M) 
PO0 FORMAT ( F l C e Z s Z O X  E 1 5 e 8 )  
GO T O  1 5  
CD(M)=CPOW 
PI. QPOW=0* 
15 IFLMONEY-M)  2Cp2CpP6 
1 6  I F ( 5 0 - N )  69697 
20 CORITfNUE 
RE TURN 
END 
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SUBROUT I NE W E  I G H T  
COMMCN P S I  0 EO ( P l ,  P 2 9  P P l e  PPZ *DE ~ D D E T I D F R A C ~  FRACT r T l *  T 2  r PRo I I FRACP 
C THE R I G H T  ANGLE M A X W E L L I A N  BEAM FOLDED D I S T R I H U T E O N  F U N C T I O N 9  
C I ( E e P S 1 )  r I N T E G R A T E D  O V E R  A L L  SPACE Y I E L D S  1. 
C THE INTEGRAND ( l - E O / E ) * I ( E $ P S I )  H A S  BEEN INTEGRATED A N A L Y V I C A L L Y  
C F R O M  E O  TO I N F I N I T Y  
C P S I + F K A C 2 / 2 ,  P Y  G A U S S I A N  QUADRATURE 
C n i I s  INTEGRAL I S  NUMERICALLY INTEGRATED F R O M  PSI-FRACZ/Z. TO 
DtMENSJF3N A ( l t ) r U ( 1 6 )  
El=EO 
P I = 3 * 1 4 1 5 9  
P = P I / 1 8 O  
CON= 1 e 6 0  2 C  3 E- 12  
8 U L T Z = l e 3 8 G 4 2 E - 1 6  
B L P H 1 = ( P l + 1 ~ 6 7 2 4 3 E - 2 4 ) / ( Z ~ G * B O ~ T Z ~ T ~ )  
ALPH2=IP2~1.67243E-24)/~Z*~*BOLTZ*TZ~ 
A L l R Y = S Q R T F ( A L P H l )  
ALZRT=SQRTF ( ALPHZ 1 
C i = 4 . t 3 *  ( P L l R T * * 3 9 G  ) * ( A L 2 R T * + 3 . 0  ) / P I  
RtOUC=(1.67243E-24+Pl*PZ)/(Pl+P2~ 
V d S Q l = I Z . * E l * C O N ) / R E D U C  
D E L T S = ( A L P H l + P L P H Z ) / 2 . 0  
D t L T D = ( A L P H l - P L P H 2 ) / 2 . 0  
A ( l ) - , C 2 7 1 5 2 4 5 9 4  
A ( 2 ) = - C 6 2 2 5 3 5 2 3 9  
A ( 3 1 = . 0 3 5 L 5 8 5 1 1 6  
A ( 4 ) = . 1 2 4 6 2 0 9 7 1 2  
A ( 5 ) = . 1 4 9 5 9 5 9 € 8 8  
A ( 6 ) = , 1 6 9 1 5 6 5 1 9 3  
A (  7 1 = 1 8 2 6 0 3 4  1 5 0  
A (  8 )  =. 1 8 9 4 5 C 6  164 
A (  9 )  =A ( 8  1 
A ( 1 0 ) = A ( 7 )  
A ( l l ) = A ( 6 )  
A ( 1 2 ) = A ( 5 )  
A ( L 3 1 = A ( 4 )  
A (  1 4 ) = A (  3 )  
A ( 1 5 ) = A ( Z )  
A ( 1 6 1 = A (  1) 
U( 1 6  ) = . 9 8 9 4 0 0 F 3 4 9  
U ( 1 5 ) = . 9 4 4 5 7 5 C 2 3 0  
U 1 1 4 ) = , 8 6 5 6 3 1 2 0 2 3  
U (  1 2 ) = , 6 1 7 8 7 6 2 4 4 4  
U ( 1 1 ) = , 4 5 0 0 1 6 7 7 7 6  
U 1 1 0 ) = , 2 8 1 6 0 3 5 5 0 3  
U ( 9 ) = . 0 9 5 0 1 2 5 0 9 8  
U ( 1 ) = - U ( 1 6 )  
U ( 2 ) = - U ( 1 5 )  
U ( 3 ) = - U ( 1 4 )  
U 1 4 ) = - U ( 1 3 )  
U ( 5 ) = - U ( 1 2 )  
U 1 6 ) = - U ( 1 1 )  
u ( 7 ) = - U ( 1 - j )  
U ( 8 ) = - U ( 9 )  
K = O  
SlIM=O, 
U ( 1 3 ) = - 7 5 5 4 0 4 4 0 8 3  
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PagPEmIX 1C ANALYSIS QF TME VELQCITY IWQRMATIQN. 
AYJ Y =Y Q----- b i 2  
BE E =E + d i 2  
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For the purpose of ~ ~ r n ~ ~ s t ~ ~ ~ ~ ~ ~  %he sate a% which the hfsto- 
gram probabil i t ies  drop with increase in energy which i s  appropriate 
i n  experimental analysis, integral  (lC.2) is tabuhted in Table 16.1 
f ~ r  the first cross section. 
* 35 
.40 
45 
0 50 
* 55 
* 6s 
* 90 
* 95 
-. . 
3.83 
2.70 
1.89 
1.3% 
* 907 
* 625 
,429 
. a94 
* 201 
,137 
a 093 
e 063 
043 

greater than t h i s  f igwe,  
This fact is described in complex notation by re lat ionship (lC.8) 
Where A is the  mpl.itaasie of t h e  n-th signal (real  amber), f n n 
represents the  time delay fo r  the particles Esom the atom bean going 
from t he  chopper t o  the interaction region and than on t o  the detec tor ,  
and w i s  the  angular chopping frequency. Eliminating the constant 
t h e  amplitudes i W t  e 
111 
I n  the present experiment t h e  s i g n a s  8% a given LAB angle 
ware found t o  be ef fec t ive ly  l i n e a r  over t h e  frequency range, 5.6 to 
9.4 KHz. 
in t he  measharements appear t o  admit no more than 10% contribution 
from veloci ty  components ather than the backward. react ion HD sompo- 
nent, the ve loc i t i e s  cd@ulabted by the previous ~~~~~~~~~ are inter- 
preted as single ~~~~~~e~~ recoil group velocities. 
Since the  scatter of points plus the  statistical uncertainty 
CROSS SECTION MEASURENENTS. 
density-detected with no other velocity dependent eff ic iency f ac to r s ,  
the averaged s igna l  e ~ ~ ~ ~ s ~ ~ ~ n  ( J .B .L~)  for  D on H~ and H 
becomes simplified to 
on 1~ 2 
satteriag fun 2; tion for D on M 
approximation, the  scattering functions .my be taken 88 invariable 
over dR i n  angular reg%one. The in t egmls  in (lD.1) are there- 
fore removed, Birect inversion of the LAB angular dist.ributioa into 
a 
112 
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t h e  CM system for the purpose sf determining He worakd be possible i f  
the bracketed quantity did not con%ain t w o  terms;. 
It is proposed t h a t  t e r m  m y  be elbirninated and N deter- e 
mined to first order. Far B = 4509 ( 0 4:, = 9s03) applying z( axis 
a m e t q  of h,  
( A )  The signals (Fig. 1.12) were asemed to display a 
B-7'3 dependence over the range 1.25' - .c, 8 5 6". The lower limit which 
The average angular scattering P u c c t l m  for D on H determined 
by this method it; displayed in Fig. 1D.1. 
moss section shown in Fig. 1.12 (D on H2' H 
determined by (IHD.61, 
2 
The averaged laboratory 
on Ill is readily 3 
"0 
c5 
BD 
U 
cu 
I 
- a  
b -  
+ 
0 
t 
cu 
I 
+ 
c3 
0 
tn 
0 
w 
.- 
t 
- 
II 
n 
Q) - 
> 
0 
u) - 
a 
0 
cf - 
D 
0 cv - 
0 
0 
0 - 
0 
0 aa 
0 
0 
u) 
0 
0 
cf 
0 
0 cu 
0 0 
m - d -  
0 
c 
U 
0 0 0 0 - 
rr) cu 
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taking ae t o  be identical to that for H on HZ9 which has been mea- 
s u e d  by Harrison 21 (55 x 10-16cm2). 
\ 
APPENDIX LE CALIBRATION OF THE REACTIVE DIFFWENTIAL 
CROSS SECTION MEASUREEVIENTS. 
Knowledge of the calibrated elastic signa..ls and %he 
experimental reactive-to-elastic signal rat20 enelalas the total reactive 
cross section t o  be determined irrespective ~f detailed knowledge of 
dsZ and Av taking the ratio of (lB.h2) and (1D.5). “1’ n2’ a 
While dQ 
embedded in the conputex results. The ratio, e /e can be taken 
to be unity under the assumption that the respecX*i~t ionization cross 
sections do not differ and the mass f i l t e r  transmissbane for mass t w o  
a p g e ~ s  explicitly in the denominator a f  (1E;.L),  it is also a 
H2 
The reactive normalization constant, N is caLcea2~ted. from r 
r N 
to be 
2-17 
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(18.3) ., 
the numerical values that, the variables appearing i n  (1E.J.) take on 
in the reactive cross section evaluation w e  listed in Table 1E.I. 
These values imply that ar = (3.5 - + 1.8) x 10 
dependent cross sect ion af Assumption (2). 
cross sect ion i s  a factor of 4 smaller. 
the experimental mean deviation for the  ra t io  6 1'23 
averaged di f ferent ia l  cross sect ion calibration i s  determined via (LE, 4). 
-2.6 2 cm for the energy- 
The simple step function 
 he Qtxat.ea error refers to 
The Laboratory 
F e" 
Table lE.l. Tabulated variables required for calibrating the 
reactive cross section with respect to the elastic 
cross section normalized to total cross section 
measusemen+,s. 
= 1.08 x LO -2 
0 For B = +a0 
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PART TWO 
CROSS SECTIONS FOR THE 'EXCITATIOB OF Naf?'Pf BY C O U I S I O H S  
WITM ~ ~ ~ E ~ A L ~ ~  EXCITED MOLECUUR ZIYDRQGEM 
DEUTERIUM AED MITRQGEI\T 
z 0 IETRODUCTION 
123 
exci ta t ion  temperature follows t h e  relaxing v ibra t iona l  temperature 
5 of N rather t h a n  the  N2 t r a n s l a t i o n a l  temperature. Hurle conclude:! 
tha t  t h e  t r a n s f e r  of exc i ta t ion  energy from N v ibra t iona l  modes 
proceeds w i t h  much higher probabi l i ty  (67 P 3 x 1.0-16am2) than by 
2 
2 
transfer from ro t a t iona l  or k i n e t i c  energy modes. 
This  r e s u l t  appeared t o  be confirmed i n  a sodium exc i t a t ion  
6 experiment by S t a r s  where v ibra t iona l ly  excited N was produced 
i n  t h e  afterglow of a microwave discharge in flowing N . 
iment a l l  s t rong sodium lines between 3100-61008 were examined. Since 
a number of sodium l eve l s  were exci ted s imi la r ly  as t h e  Na(3 P), Sbarr 
2 
In  t h i s  exper- 
2 
2 
concluded, i n  additinn, that 8, c lose  match between the vibrational, 
and e lec t ronic  l e v e l s  is n08; r e q u i s i t e  fo r  t he  process to  Q C C ' U ~ .  
Around the  t i m e  t h a t  Hwle and S L w r  offered evidence supporte- 
ing t h e  e f f i c i e n t  intercsnlression of electronic and Vibrational. energy 
7 between N a  and N Derblom pos i t ive ly  iden t i f i ed  t h e  yell,sw emiasisn 
observed i n  T y ~ e  B aurora as due t o  sodium D emission. 
of mechanisms had been postulated t o  explain its origin, Hugsten 
proposed t h a t  t h e  exc i ta t ion  of sodium arose through t h e  t r ans fe r  of 
2% 
While a number 
8 
N v ib ra t iona l  energy f r o m  the near resanarrt v ibra t iona l  states. 
Whether t h i s  proposal OF an a l t e r n a t e  p o s s i b i l i t y  w a s  tenable depended 
2 
on knowledge of t he  sodium D exc i ta t ion  cross sectican for t h e  near 
resonant v ibra t iona l  states ( l i t t l e  o r  no ro t a t iona l  or k ine t i c  
124 
series of crossed beam exci ta t ion  experiments were i n i t i a t e d  a t  t h i s  
laboratory using t h e  species N2, H2, and D2. 
I n  these exc i ta t ion  experiments, %he molecular species have isstled 
0 from a furnace source operating i n  t h e  temepszzture range 2000-30QQ K; 
the  ~UULLUR atoms have eff'used from a 650 IC source, 
rad ia t ion  emitted from the  beam intersectAan region has been observes. 
The basic experiments f o r  these species were addressed t o  the  determin- 
a t ion  of the  cross  beam rate constants as a Panetion of molecular 
beam temperature, 
performed Later were directed toward a 
the react ion mechanism, f e e e a  deduction of' the pareicipaticg vibration- 
a l  states and % h e i r  C'IQBS sect ions for excitation t r ans fe r .  
A detailed descr ipt ion of these experiments, experimental 
8 The sodium 1' 
The velocity selected mlemlar  beam experimen?i,s 
detailed understanding af 
r e s u l t s  and ana.lysbs of results w i l l .  be described In subsequene 
chapters. The basic experiment f o r  %h,e N - Ha system performed by 
Mentall a Mrause a a ~ d  E f t e  iias been prsvisusiy reported' accompanying 
preliminary arialysis. The results of t h i s  p?~ewiaus tudy and the  
more recent s tud ies  of Krause, Fricke, arid F i t @  are discussed hers .  
2 
10 
II. PRINCIPLE OF EXPERIMENT. 
Excitation of t h e  f i r s t  resonance doublet of sodium by 
co l l i s ions  wi th  t h e  diatomic molecules H 
by (2.1)  when t h e  reac t ing  species  o r ig ina t e  from sources operating 
D2, and N2 is represented 2' 
at thermal energies: 
The m l e c u l a r  i n t e r n a l  energy before and after c o l l i s i o n  
represented by Eand E '  i s  energy due t o  v ibra t ion  and ro t a t ion .  
Since t h e  atom rece ives  e lec t ronic  energy E 2.10 eV during the 
c o l l i s i o n ,  conservation of energy (2.2) implies that t h i s  energy 
8 
must come from t he  change i n  i n t e r n a l  (A 4 and k i n e t i c  energy (AE) 
before and after collision. 
5 E +  A E  = Eo (2.2j 
One method of understanding t h e  r e l a t i v e  roles %hat i n t e r n a l  
and k ine t i c  energy play i n  providing the  exc i ta t i sn  energy is  t o  
observe the resonance r ad ia t ion  of t h e  collisionally exci ted sodium 
atoms while E and E are varied. If these  energies can be varied over 
a wide range r e l a t i v e  t o  each o ther  so t h a t  relative exc i t a t ion  cross 
sec t ions  f o r  various amounts of k ine t i c  and i n t e r n a l  energy can be 
deduced and if t h e  e f f ec t ive  reac t ion  sate constant for these varisus 
mechanisms can be accurately measwed, CXQSS sec t ions  f'os She varkmis 
mechanisms can be assigned, Two experiments thct are capable of  meet- 
126 
ing these goals when considered together now w i l l  be described. 
Their common fea tures  w i l l  be described first. 
The experimental arrangement whish u t i l i z e s  beams crossed 
a t  90' i s  shown schematically i n  Fig. 2.1. 
exci ted thermally i n  a tungsten furnace operating between 2000 and 
30OOOK.. Since each molecule makes on the  average approximately 10 
co l l i s ions  with t h e  w a l l s  before escaping i n t o  t h e  beam, it is 
assumed t h a t  t h e  gas reaches equilibrium w i t h  t h e  furnace w a l l s  and 
t h a t  t h e  degree of exc i ta t ion  of i n t e rna l  energy states is t h a t  
given by t h e  Boltzmann d i s t r ibu t ion .  
v ibra t iona l  exc i t a t ion  i n  N D and H implies that t h e  beam vibra- 
t i o n a l  populatian does not differ  appreciably fram t h a t  i n  the fur- 
nace. hem i s  produced i n  a double-chambered oven, 
t he  temperature of t h e  rear chamber governing the  beam in t ens i ty  and 
the  temperature of t h e  f r o n t  chamber determining t h e  beam kine t ic  
d i s t r ibu t ion  ( 6 5 0 ~ ~ ) .  
The diatomic gas i s  
3 
The slow re laxa t ion  rate for  
2 9  2 2 
The sodiwn atom 
Sodium D l i n e  photons produced by t h e  in te rac t ion  of t h e  
molecular and N a  beams are detected with a photomultiplier which views 
the in t e rac t ion  region. 
the  use of a 208 pass-band interference f i l ter  preceded by a c o l l i -  
mating l e n s .  This bandwidth s t i l l  admits a. l a rge  s igna l  due t o  t h e  
hot tungsten furnace l i g h t  t h a t  i s  reflected from %he blackened w a l l s  
of the  experimental vacuum chamber. 
t h i s  re f lec ted  r ad ia t ion  from radia t ion  a r i s i n g  from t h e  co l l i d ing  
beams, the  sodium beam i s  modulated at 1440 Mz by a ro t a t ing  chopper 
wheel. 
Wavelength discrimination is  achieved by 
As a convenience i n  separat ing 
Under these  circumstances t h e  desired signal. is identified 
Figure 2 e 1 e Sketch of the exper Inaeunlal arrangemen%. The 
figure does nat show %.ighk baffles used t o  
idimiralsh l i g h t  originating from the tungsten 
Furnace. 
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by its occurring at the sodium beam modulation frequency in speci- 
fied phase. 
signals to lock-in amplifier circuitry. 
This is accomplished by feeding the photomultiplier 
A, . BASIC CONFIGURATION 
A useful  aspect of t h e  experiment is t h a t  modulated sig- 
n a l s ,  i n  addi t ion t o  those from the  in te rac t ion  of t he  excited 
molecules with N a  atoms, are obtained by resonant s ca t t e r ing  of l i g h t  
emitted from t h e  tungsten furnace. 
c i en t ly  prec ise  so t h a t  about 90% of t h e  l i g h t  in te rsec t ing  t h e  N a  
beam comes from t h e  hole i n  t he  furnace, t h e  l i g h t  t o  good approxima- 
t i o n  can be described by t h e  Planck black-body rad ia t ion  formula. 
Since t h e  resonant s ca t t e r ing  cross  sect ion f o r  sodium D l i n e  
rad ia t ion  i s  known, determination of t h e  rate constant f o r  exc i ta t ion  
can proceed by comparing the  sca t te red  black-body l i g h t  s igna l  t o  the  
s igna l  produced by t he  atom-molecule in te rac t ion ,  both s igna ls  being 
detected by t h e  same o p t i c a l  system. 
By making t h e  coll imation su f f i -  
Effect ively,  t h e  black-body 
i a t i o n  sca t te red  by sodium atoms ca l ib ra t e s  i n  one s t ep  both the  
in tens i ty  of  the Na beam and t h e  o p t i c a l  system cha rac t e r i s t i c s ,  
I n  prac t ice ,  t he  s i t u a t i o n  is  s l i g h t l y  more complex because 
of the l a rge  in t ens i ty  of the resonantly sca t te red  black-body l i g h t  
compared t o  the  l i g h t  from t h e  molecular in te rac t ion ;  the furnace 
l i g h t  capable of exc i t ing  sodium D must be attenuated by about three 
orders of magnitude i n  order t o  observe the  s igna ls  a r i s ing  from 
reaction, 
absorption c e l l  containing sodium vapor i n  t h e  molecular beam. 
addition shown i n  Fig. 2.1 can be made t o  f u l f i l l  t he  object ive while 
affect ing fewer than 3 per cent of t h e  molecular bean p a r t i c l e s  during 
their  passage through t h e  c e l l .  
The necessary at tenuat ion i s  accomplished by in se r t ing  an 
T h i s  
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Determination of the  rate constant proceeds as follows. Once 
the  sodium beam is establ ished,  the tungsten furnace i s  turned on and 
i ts  temperature T 
the furnace aperture .  
nace l i g h t  S 
a temperature where the resonantly sca t te red  l i g h t  s igna l  is negl igible .  
MolecuLar gas is then admitted t o  t h e  furnace and t h e  sodium l i g h t  
s igna l  from p a r t i c l e  react ion S 
experimental vacuum chanbes due t o  t h e  molecular beam is used t o  
ca l cu la t e  t h e  molecular number densi ty ,  ye 
krs  conventionally d e f i n e d ,  is  deterrninea v i a  these measurements 
(2.3) (see Appendices 2B and 2C), 
i s  measured using an o p t i c a l  pyrometer looking i n t o  1 
The s igna l  from the  resonantly sca t t e red  fur- 
i s  noted. The sodium vapor absorption c e l l  is then heated t o  
S 
is noted. The pressure change i n  the F 
The reac t ion  rate constant ,  
and 
e-E,/kT1 (2 .3 )  
where A 
between t h e  furnace and reac t ion  regiona I" is the  inverse of the 
sodium D lifetime!, E corresponds t o  t h e  D l i n e  energy, and k i s  t h e  
Bolt =ann constant. 
is t h e  tungsten furnace aper ture  area, L i$i the  dis tance 1 
Q 
Studying t h e  va r i a t ion  of t h e  rate? constant as a function of 
t h e  tungsten furnace temperature is a grass  mean5 QP understanding 
reac t ion  dynamics. Th i s  can be done by comparing the experimental 
k (T  1 w i t h  t h a t  ca lcu la ted  f o r  various s impl i f ied  r eac t ive  mechan- 
isms using (2.4). 
r 1  
where 
i = l , 2  
The numerator of the  bracketed quant i ty  contains a(  E vrIp t h e  c ross  
sec t ion  fo r  energy transfer; it depends on 30th t h e  r e l a t i v e  ve loc i ty  
of co l l i s ion ,  v and the  energy of molecular inkernal exc i ta t ion ,  r' 
E .  Since g( E )  i s  t h e  s t a t i s t i c a l  weight d e n s i t y  for molecular 
i n t e r n a l  energy states and t h e  population of i n t e r n a l  states depends 
only on t h e  molecular source temperature, t h e  t o t a l  quant i ty  i n  brack- 
ets is t h e  reac t ion  cross sec t ion  f o r  a given r e l a t i v e  velocity 
averaged over a l l  in t e rna l  states thermally populated. 
g a t s  of (2.4) is the in t e rna l ly  averzged cross sec t ion  averaged 
over t h e  Maxwell-bltzmann V e l Q C i t y  diStribl.ItiQn5 for the 
crossed beams. When %he molecular funace  temperature is varied,  the 
temperatweodependent s igna l s  r e f l e c t  t h e  e f f e c t  on reac t ion  due t o  
simultaneous changes i n  t h e  molecular internal energy and k ine t i c  
energy d i s t r i b u t i s n  functions.  
The remaining 
B. VELOCITY-SELECTED COBFIGURATION 
Knowledge of t he  viariation of t he  rate constant w i t h  temper- 
a ture  i s  not s u f f i c i e n t  information t o  i s o l a t e  t h e  mechanism fo r  
reac t ion  unambiguously; t he  observed temperature dependence may be 
ascr ibed t o  t h e  t r ans fe r  of pure interns energy, and/or in t e rna l  
energy combining with varying amounts of k ine t i c  enesgy, t o  provide 
the  required reac t ion  endoergicity,  
which r e s u l t s  from t h e  fact t h a t  t h e  k ine t ic  and i n t e r n a l  energy 
d i s t r ibu t ion  f’unctions are changing simultaneously, can only be 
resolved by obtaining d i f f e r e n t  experimental information. The 
in t e rp re t a t ion  can be c l a r i f i ed  if %he reactive s i g s ~ l s  are s tudied by 
varying the  twta d i s t r ibu t ion  functions independent of each other.  
The in t e rp re t a t iona l  ambiguity, 
The ve loc i ty  d i s t r ibu t ion  of molecules having a f ixed  i n t e r n a l  
energy d i s t r ibu t ion  can be var ied by in se r t ing  a ve loc i ty  se lec tor  
i n t o  t h e  molecular bean, 
exci ted molecules having l i t t l e  ve loc i ty  dispersion over a broad 
range of t ransmit ted speeds, the reac t ion  can be studied as a, 
function of molecular speed f o r  each molecular furnace temperature. 
Appropriately, t h e  ve loc i ty  sebector s~mid.taneozasly removes black- 
body tungsten furnace photons from t h e  beam since t h e i r  ve loc i ty  falls 
outside of t h e  selectss transmission function at molecular speeds of 
i n t e r e s t ,  For t h i s  reason, t h e  sodium vapor absorption c e l l  is  n o t  
a required piece of apparatus when the velocity selector is inser ted.  
Since such a device can be made t o  pass 
The molecular ve loc i ty  aard tenperatme dependent s igna ls  
produced w i t h  t h i s  configuration can be ~n&erstookl by comparing them 
with calculated experimental y ie lds  f o r  the .same simplif ied reac t ive  
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III 0 EXPmIMENTAL APPARATUS 
A. VACUUM SYSTEM. 
The design and operation of t h e  three-chamber-differentially 
puqed  vacuum system used i n  these  experiments has 
Clendenning” and 0 t t L 2  and i t s  general  layout has 
by KauppiLa,l3 The maZEtcular source is located i n  
been discussed by 
been i l l u s t r a t e d  
Chamber One whi l e  
Chamber Three contains the  remaining items necessary f o r  the experi- 
ments. A l l  vacuum system surfaces  located i n  t h e  experimental region 
were blackened with Aqua Dag i n  0rder to minimize stray furnace light; 
that  might eas i ly  be re f lec ted  in to  the  o p t i c a l  system; photomultiplier 
shot noise was reduced somewhat by t h i s  care. 
The first coll imation aperture  (see Appendix 2A ) was kept 
smaller than the  tungsten furnace hale i n  order to allow only t h e  
black.-body photons Prom the  EoUraum to t rave l  axial ly  from Chamber 
One. 
coll imate t h e  molecular beam and photons so they were required t o  
pass through the  sodium bem. T h i s  exercised care 
enabled t h e  molecu”Lstr beam useful  %a t h e  b s i c  experimenr, 
determinable from the  measured Chamber T h r e e  pressure decrease (beam 
on-off ) coupled w i t h  Chamber Three pumping speed measurements. The 
techniques fo r  t h e  lat ter have been described by KBuppila. 
The second coll imating aperture  was adjusted simultaneously t o  
t o  be 
13 
The base pressures for  Chamber One through Three were 
3 x lom6, 2 x loe6, and 1 x lom6 Torr., respect ively.  
6 conditions were 400 x 
Operation of t he  sodium beam source, absarption cell or  ve loc i ty  
se l ec to r  a f fec ted  the  experimental chamber pressure negligib1.y. 
Beam-on 
40 x lom6, and h x IO- Twx-, respect ively.  
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Diffusion $mp speeds u t i l i z e d  i n  t he  calculation of source 
ana t e a  rmiber dens i t i e s  f o r  t h e  molecular species were determined 
by measwing the vacuum system pressure t i m e  constants of t h e  first as,d 
*L. 
t h i r d  chambers for  H2% D and Nz. The time constant of the  ib" 2 
chamber T i i s  related t o  t h e  pumping speed Si by expression (2.5)- 
V +  is  t h e  known chamber volume. The t r a n s i e n t  method for  determining 
1 
I T ihss been fully described by Ksuppilal3; the  reader is  re fer red  t o  
h i s  de t a i l ed  account, 
s l i g h t l y  from those of Kauppila, 
The results l is ted i n  Table 2.1 differ only 
The Chamber Three pumping speeds 
are approximately i n  the ratio of the square root of the mass r a t i o s  
as expected. The Chamber One ratios deviate from these  ratios; t h i s  
deviat ion is  presumably due t o  t h e  grea te r  d i f f i c u l t y  of accurately 
determining t h e  smaller Chamber One volume. 
B e  M O L E C U M  BEAM SOURCE. 
The molecular furnlaaze w8.s identical ,  i n  construction to one 
described i n  d e t a i l  by 0t;tL2 and %he reader is referred t o  h is  account 
for 8 complete descr ip t ion  of its design fea tures  and operation. 
consisted of a shee t  of tungsten ( 2  in .  x 3 in. x ,0031 i n . )  which PJQG 
r o ~ e ~  t o  form a cyl inder  (2 i n ,  long atad 3'16 in. iiiamet-,er). A 
hole w a s  sandblasted f n  t h e  wall ~ f "  %he cyl inder  t o  permit the molecib- 
lar gas t o  escape from t h e  furnace as 8 bemi. Each end of the  tubular 
furnace was closed off w i t h  molybdenum end pieces? one piece also 
It 
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TABLE 2-1 
Chamber Gas 
#1 H2 
D2 
N2 
I 
I 
I 
#3 , H2 
D2 
N2 
. - _  .. . 
Pumping Speed Results, 
303 
303 
a0 3 
Pumping Speed 
{ litersdses i 
58s 
390 
190 
450 
320 
125 
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serving as an i n l e t  for gas molecules. This assembly w a s  supported 
at t h e  ends by two  copper bus bars which conducted t h e  a.c. current  
(up t o  30 amps.) necessary to joule heat t h e  furnace. 
gases introduced i n t o  t h i s  furnace i n  the course of experimentation 
were 99.9% pure. 
The molecular 
The furnace geometry requires  t h a t  each molecule makes on 
3 t h e  average approximately 1 0  co l l i s ions  with t h e  w a l l s  before escap- 
i n t o  t h e  beam and the use of tungsten w i r e  wadding ins ide  t h e  
furnace fur ther  increases  contact  of t h e  gas w i t h  t h e  hot furnace 
surfaces.  The k ine t i c  tenagerature of t h e  beam molecules was checked 
as a funct ion of furnace pressure i n  a separate  experiment using a 
high reso lu t ion  analyzing ve loc i ty  se lec tor  (described i n  Section I I I F )  
and 8, d s s  spectrometric detector .  The r e s u l t s  of t h i s  experiment 
(described i n  Section IIIG 1 v e r i f y  k ine t i c  equilibrium of t h e  gas 
molecules w i t h  t h e i r  thermal environment s a t  t h e  furnace pressure 
( 4  Torr e ) u t i l i z e d  i n  the exci ta t ion  expesimelats. These results 
suggest t h a t  t h e  degree of exc i ta t ion  of  internal energy states is 
t ha t  given by the Baltamann d i s t r ibu t ion .  
for vibra t iona l  exc i ta t ion  i n  
population remains nearly t h a t  i n  the  furnace even after t h e  gas 
merges and forms the  molecular beam. 
The slow re laxa t ion  rate 
D2 and H implies t h a t  t h e  v ibra t iona l  2 
The furnace temperatures for N 
those for H2 and D2 ranged from 2000 t o  2660'K. 
ranged from 2000 %Q 3000°K; 2 
A t  these  temperatures, 
the exc i ta t ion  of any molecular e lec t ronic  states is 
forbidden. (The first e lec t ronic  state of M2 and W2 
suad 6 e.v. above the  ground state respect ively,)  The 
the  hydrogen isot.opes was more l imi t ed  because their 
very s ign i f i can t  at, tenper- 
extremely 
is more than 1 0  e.v.  
temperature range for 
d i s sac i a t i sn  becomes 
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a t u e s  approaching 2600°K. The exc i ta t ion  s igna l s  had t o  be corrected 
for t h e  decrease i n  molecular number densi ty  a t  the higher experimental 
temperature so t h a t  t h e  cor rec t  exc i ta t ion  rate constants would be 
determined. The precise  manner i n  which this was car r ied  out i s  
discussed i n  Sections IV and V, 
The furnace temperature was measured with an op t i ca l  pyrometer 
(Leeds and No~%haP~p No. 86224) while the molecular gases were being 
admitted i n t o  the  furnace. It was made t c o  view t h e  ins ide  of t h e  
furnace which r e v e d e d  essentially t h e  Gack-body temperature of the 
furnace a 
The moLecular number densi ty  i n  t h e  intesa~tio~ region 
a. 2 
(without ve loc i ty  se l ec t ion )  was of order 10 /ema throughout these 
experiments. 
C* ATOMIC BEAM SOURCES. 
The sodium beam source was a two-chamber oven of standard 
design machined from blocks of Monel metal; t h e  reader is referred 
t o  Figo 2.1 f o r  v i sua l iza t ion ,  Sodium metal pieces  (Fisher  Sc ien t i f -  
i c )  were placed i n  the  chamber farthest, from the  beam e x i t  aper ture  
( r e a r ) ,  
before they were placed i n  t h e  oven; the system was immediately 
evacuated t o  avoi? fur ther  .!ontamination. Two cy l ind r i ca l  
heaters (Vulcan TB50L)) were inserted i n t o  the  Mcrnel body i n  order to 
vaporize the sodium metal. 
short  s t a i n l e s s  s teel  tube i n t o  %he aperture chamber ( f ron t  ) where 
four identical. heaters were sunk i n t o  t h a t  Manel block t o  raise i t s  
temperature. 
could pass through the  beam e x i t  aperture. 
Sodium hydroxide was removed from t h e  pieces i n  open air 
T h i s  vapor was free t o  pass through a 
Once t h e  sodium atoms thermalized i n  this chamber they 
During experimentation the  respect ive chamber temperatures 
were separately control led t o  within 2 3 percent by 
temperature con t ro l l e r s  (XP Controls) e 
rear chamber governed the  beam in t ens i ty  and t h e  temperature of t h e  
front chamber determined the  bean speed. Typical oven temperatures 
were 55OoK and 650°K respect ively.  The e n t i r e  furnace was set upon 
s t a i n l e s s  steel  point supports t o  reduce thermal conductive losses. 
The temperature of the  
The number densi ty  of sodium i n  the reac t ion  region (no) 
9 was t yp ica l ly  10 /cm3 (see Appendix 2A for  t h i s  beam's geometry). 
Since t h e  m a x i m u m  resonant s ca t t e r ing  cross sectian ((3. 
l i n e  width is of order lo-' cm f a r  the  P3,* doublet component., 
for natural. 0 
2 2 
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n u could be as l a r g e  as 1 i n  t he  present experiments. Taking t h e  
m a x i m u m  photon path length i n  t h e  in te rac t ing  region t o  be 1 cm. 
(see Appendix 281, it is evident that  t h i s  region i s  not qu i t e  
op t i ca l ly  t h i n  for  l i g h t  or ig ina t ing  f a r t h e s t  from the  detector .  While 
t h i s  s i t u a t i o n  was required t o  obtain adequate sign& in these 
experiments, t h i s  o p t i c a l  thickness ,  d id  not appear t o  have a f fec ted  
the  experimental r e s u l t s  s ign i f icant ly .  
net having the sodium be- op t i ca l ly  t h i n  would be t o  t r a p  a s m a l l  portion 
of t h e  D-line resonance rad ia t ion  and t o  re-emit it i sa t sopica l ly .  Such 
an e f f e c t  would render the  already good assumption o f  isotrogically enit%ed 
rad ia t ion  even be%ter .  
0 0  
Indeed the only effect of 
D. ABSORPTION CELL. 
The role of t h i s  device i n  t h e  bzsic  experimental configura- 
tion has been described En Sec”,iori I1 A; remaining is i t .s  physical 
descr ip t ion .  
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E, OPTICAT, SYSTEM AMD ASSOCIATED ELECTROHICS. 
Sodium D photons emitted froom t h e  reaction region were 
detected wi th  an EM& 9558A photomultiplier.  
was achieved using a 20 angstrom ( f u l l  width ha l f  m a x i m u m )  band-pass 
bnterference f i l t e r  ( Thin Film Products I n c  e ) centered about t h e  
sodium doublet. 
~ a ~ d w i d t h  still, admitted a large signal due t o  ?,he hot, furnace sndiatlcaaz 
r e f l ec t ed  from t h e  blackened walls of t he  vacuum ehmber (in the basic  
canfigmation).  
chopper wheel was a eonven$ent method to separate this large d.c. 
signal  from the a.c. socliam D x‘ 
beam. region, 
(Extranuclear Labs Reamplifies Type XI) permit*ting phase sensitive 
detec t ion  by t h e  lock-in amplifier ( P M  118-8) /I 
abgneal was displayed an a chart recorder ( T e x m  Instrument Servo- 
Riter XI). 
Wavelength discrimination 
The f i l t e r  was preceded by a collimating lens. This 
The sodium beam modulated at 1440 Hz ’by a rotating 
i a t i o n  or iginat ing i n  t h e  intersecting 
The detected s igna ls  were fed t o  8 narrow band amplifier 
The demodulated 
The general. purpose csnT4rex l e n s  (2 in. dimeler) of focaJ 
length 3 5/8 in .  
region center; i t s  axis was perpendicular t o  the plme of the inciderit 
bems. The addition a2 the lens and i t s  arrangement enabled t h e  solid 
angle of t h e  de t ec to r ,  as seen from the reaction region, t o  be 
was placed one focal  length above t h e  reac t ion  
ive3.y large while insuring t h a t  a l l  the intercepted rays would 
be incident  n o r m a  t o  the  in te r fe rence  filter smface  (2 i n .  diameter). 
Under these conditions &he transmission func t ion  of the  f i l t e r  was 
dderatical f o r  all fntescepted rays. The rezder is scfcrred to the 
weLJ kaiawn general. prapsrties cr.? 
14 3 
14 interference filters. 
The transmitted light of' the filter passed through a planaf. 
piece of quartz glass (l/4 in, thick) before passing through the 
photomultiplier entrance window (2 in. diameter 1. 
was in contact with the entrance window, not only helped to supporL 
the photomultiplier but also served to conduct stray furnace heat in 
the vicinity of the photocathode to the cylindrical photomultiplier 
housing cooled to O°C. 
copper tubing, was cooled by circulating ice water through the cooling 
coils surrounding it. This  arrangement seduced the multiplier dark 
current below the d. c. currents produced by stray tungsten furnace 
light of the basic configuration. Thus stray furnace light trans- 
mitted through the optical system was the principal s o u r ~ e  of shot 
noise. 
This glass, which 
The photomultiplier housing, wrapped with 
The schematic diagram af the photomultiplier and the block 
diagram of the signal processing equipment is shown in Fig. 2.2. The 
photocathode was kept at ground potentid Lo prevent leakage currents 
between the cathode and the- photomultiplier housing. 
was utilized in the  tuned mode throughout these experiments in order 
to avoid a mixer overload in the lock-in amplifier. 
The preamplifier 

F. VELOCITY SELECTORS. 
Two neutral particle mechanical velocity selectors were 
developed and used for the excitation transfer experiments. 
selector, the dual range velocity analyzer, was designed primarily 
to serve in general laboratory analytic capacities. These include 
measuring beam source velocity distributions or studying the trans- 
mission characteristics of low resolution velocity selectors, where 
high resolution and high speed characteristics are desirable and low 
transmission can be tolerated. This selector was utilized in the two 
specific capacities noted above. 
One 
The other selector the coarse v & l r x i t y  selector, w a s  designed 
specifically 
excitation experiments. 
and high speed chabracteristics while tolerating modest velocity 
resolution for  the molecular particles. 
was its ability to reduce simultaneously transmitted light. 
for velocity selecting the maleculas beam in the 
This application requires high transmission 
An additional characteristic 
The specific description of these selectors will follow a 
brief review of velocity selector principles. 
cast in the terminology of Hosfetettler and Bernstein (HB115 and 
Grosser (G)I6 for the purpose of uniformity. 
AH. discussions are  
Various mechanical velocity selectors designed to pass a 
velocity selected beam with no velocity "sidebands" have been reported 
in the literature. a5'16317918'39 Of the two basic t.ylpes reIportm3. 
(rotating helical-grooved cylinders and rotating slatted disks), the 
slotted disk variety is commonly preferred principally for mechanical 
reasons. 
groups: 
selectors.16 While those f&lling into the farmer' group are at 
present more commonly used, the dual range type instrument is more 
versatile. 
a sI10rt review of selector principles, 
The slotted disk designs can be divided further into twO 
single characteristic selectors 15918'19 and dual range 
The extent of the versatility will become evident after 
Considering the "unrolled" representation of a hy-psthetical. 
dual range selector shown in Fig. 2.%a, the reader is asked to ignore 
disks 2 and 3. 
enters disk 4 following the (V ) 
useful relationship ( 2 . 6 )  when the transit t i m e  of the part ic le  is 
equated with the time required for the rot.or 0% angular  speed& to 
turn through the angle +Fe 
When the slots are moving to the left and 8 p%rticbe 
velocity trajeet0ry, one finds the O F  
The transmitted speed expressed here in terms of' rotor parmeters js 
nominal because slightly different trajectories also can be trans- 
mitted due to the finite slit width of the disks, Considering t h e  
other possible trajectories in like manner a velsci%y pass-band 
relationship in terms of rotor geometry far any v can be derived 
(see HB). 
speeds for the nominal speed (v 1 
It is noteworthy that the mabwimurn and rminimum transmitted 
are expressed as O F  
v = ( V 0 l F  (y- 1 - B )  
m a x  - '/* v = ('Z ) (- ' 1 (2.7) min O F  1 + .  
where 8 = d/L, t"' 
length (defined i n  Fig. 2.3(a) j ; and r 
= ll/r+F; d is  the  d i s k  thickness;  L,  t h e  rotos 
F 
the  p a r t i c l e  passage radiaL 
dis tance.  
reso lu t ion  R f o r  t he  nominal. path (defined as f u l l  width half  maximum). 
These expressions are useful  i n  specifying the  ve loc i ty  
Evidently, resolut,.ion is determined once the geometry is fixed. 
Completing the design of t h i s  one path r a t o r ,  addi t iona l  d i sks  are 
placed between d isks  1 and 4 i n  a fashion such tha t  t r a j e c t o r i e s  passing 
through adjacent slots are interrupted.  
f r e e  of sidebands i n  the  forward d i rec t ion .  
Therefore the selector is 
The two-path ro to r  shown in Fig. 2.3(a) contains also a 
reverse sideband free t r a j ec to ry ,  Apparently, the forward padh is 
automatically closed when %he slots move ta the right, and v ice  
versa.  Considering t h e  reverse d i rec t ion ,  t h e  se lec tor  eharacter is-  
t i c s  are given by t h e  re la t ionships  already presented only t h e  F 
subscripts are replaced by R.  
one r o t o r  construct ion can be made to possess two d i f f e ren t  velocity 
ca l ib ra t ions  (v  / l o )  and reso lu t ians .  Either cha rac t e r i s t i c  can be 
chosen during operation depending on whether t h e  mt8r is turned in 
one d i r ec t ion  or t h e  other.  Two s ingle  velocity se l ec to r s  far the 
pr i ce  of one is not t h e  only advantage of the  dua l  rotos model over 
F + R'  If the  designer chooses 
0 
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rotor 
axis  7 
U 
I 
Reverse 1 Forward 
Figure 2 .3 (a ) .  UraroZZed graph for 8 hypothetical dual. range 
vel0cit.y selector. 
veloci ty  selecte 
beam axis 
tor axis 
+ t = l  + a  
Figiuere 2 . 3 ( b ) .  Diagram illustrating effect of the rotor 
misalignment; om. v e 1 w i t y  ca l ibra t ion .  
t h e  s ing le  path model. 
The ca l ib ra t ion  of any se lec tor  (v,/w) i n  prac t ice  is not 
merely given by ( 2 . 6 )  as defined, 
beam p a r t i c l e s  are not parallel as w a s  assumed i n  the  derivation. 
the  rotor axis is misaligned from t h e  beam axis by anglea  , according 
to tne a rb i t r a ry  convention shown i n  Fig. 2 . 3 ( b ) ,  (2 .6 )  must be 
modified by sepl.acing QF by l $ F l  6 a 
of v /w for  a given path requires  t h a t  
or ind i rec t ly .  
I n  general, t he  rotor shaft  and 
If 
This pr inc ipa l  madificatian 
a be deksrreined d i r e c t l y  0 
Conventionally, one ind i r ec t ly  determines O( by experimentally 
t h e  rotor angular speed corresponding to the determiningw 
maximum detected s igna l  when a par2icI.e detector  follows the ve loc i ty  
se l ec to r  and one assmesw t o  corresgond to v . This theo re t i ca l  
most probable ve loc i ty  expression f o r  s e l ec to r s  of modes+to-high 
reso lu t ion  i s  readily shown t o  be (2.9) 
mP 
mP mP 
n = 3 for a densit.y de tec tor  
n = 4 for  a f lux  detector  
(2.93 
k is the Boltzmann fac tor ;  T, t h e  source absolute temperature; and 
m, the p a r t i c l e  mass. This ca l ib ra t ion  carries addi t ional  assumptions 
of i d e a l  S Q U F C ~  thermometry and effusion condi tkms i n  addi t ion to 
isothermality of source and beam pa r t i c l e s .  
are  par t i cu la r ly  inappropriate i n  t h e  event of bean streaming and free 
j e t  expansion. 
The latter assumptions 
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The conventional ca l ib ra t ion  need no% be applied when using 8 
two-trajectory modest-to-high reso lu t ion  selector. 
replaced by 14, I b. a 
companion re la t ionship .  
w (forward) andw ( r eve r se ) ,  then a is determined by the s s l u t i n n  
of these equations, mutatis nutandis; t he  solution is dlsplayed in 
While (bF is  
i n  (2.61, $R is replaced by ] bRI - OL i n  the 
If t h e  user now experimen%d..l-y determines 
mP mP 
(2.10). 
Consequently, t he  correct ca l ib ra t ions  are 
and 
(2.11) 
(2.123 
This calibration for mcadesLtca-high. reso lu t ion  se l ec to r s  is free of 
-&he conventional assumptions. Evidently, sel%-cal.ibx-a%ion is possible 
even when using pathological arebscity distributions. 
1, 'VELOCITY ANALYZER. 
The general  purpose d u d  range velocity selector  was construc- 
ted from seven s l o t t e d  disks mounted on a medium length ro t a t ing  
sha f t ,  t he  bearings of which ere e l a s t i c a l l y  suspended ( "0" r ings  1 
t o  minimize v ibra t ions  resu l t ing  from ~OLQP" dynmical imbalance. The 
disk slots were phased and placed on t h e  shaft such that 8 forward 
ro%ation of' t h e  shaft (slots moving up when particles enter  disk 7 ,  
Fig. 2.4) permitted selected speeds u p  t0 at least; 7.3 x 10 cm/sec 5 
(408 rps) at modest v e l ~ ~ i t y  reso lu t ion  (12,9 percent); a reverse 
ro t a t ion  se lec ted  up t o  at l e a s t  2.0 x 10 cm/sec 6400 rps) at high 
reso lu t ion  ( 2  ~ 8 percent 1 The hys te res i s  synchroncaus motor (EZinco 
AL84l up to 250 rps or Globe Industr ies  LC-79Al.99 up to 500 rps) 
5 
which drove t h e  rotos v ia  elastic tubular connection, was  contm12.ed 
by 8. var iab le  freguensy audio oscillator (Hewlett-Packasd 200 ABR) 
driving a 100 w a t t ,  msnarasal high fidelity srnplifiier ( ~ s g e n )  that, fed a 
phase s h i f t  network of standard des ign  necessary for operating the 
particular two-phase rnofior mounted on t h e  motor block. 
designed by t r ia l  and e r ro r  using the  standard pr inc ip les  and 
"unrolled" graphicd  methods of HB, Although the  unrolled graph of' 
t h i s  design is not presented here due $0 t h e  awkwsrd physical dimen- 
sfons, the disk  phase and spacing diagram which fixes t h e  design 
is  represented In  Fig.  2.4 w i t h  t h e  disk teeth [black) ipnd s l o t s  
enlarged for clarity. The reference l i n e  either b i sec t s  a tooth or 
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TABLE 2.2 
Specifications of t h e  Dual Range Velocity Analyzer. 
Nuber of disks 
Dimeter of disks 
Number of slits per disk  
Length of slits (in radial  di rec t ion)  
S l i t  width ll 
Wall thickness between s l a t s  
at base crf s lots  
at t o p  o f  s l o t s  
Average radius ;r 
Disk thickness d 
Over-all length of rotor L + d 
L 
8(= d/L)  
Forward 
) (nominal,, ~ 1 s t  base) - a393 
141 (average) .os26 rad 
) (average) .X328 
R (= ,' - 6 )  .129 
XI (=x (1 - B/ 1)  t 374" 
5 v at 400 rps, CY = 0 '7.3 x LO cmJsec 0 
7 
15.24 cm 
360 
0.635 cn 
0.051 cm 
0.071. cm 
0.082 cm 
0,077 cm 
7.303 ~n 
0,127 cm 
25.367 ern 
15.240 cm 
.0083 
* 398 
Revers - e 
,0380 
,1928 rad 
0362 
,028 
3Q7' 
2.0 x 10 5 crn/sec 
*Assumes disks 2 and 4 da n ~ t  seduce effectfve open time, see text .  
s l o t ,  o r  it is tangent to a tooth,  
which appear i n  Table 2.2, possess ~ 1 0  unwanted sidebands i n  e i t h e r  
d i r ec t ion  of ro ta t ion .  
interrupted s l i g h t l y  t h e  transmitted reverse path (lawering t h i s  
path's e f fec t ive  open t i m e  by 
slightly t h e  forwar& path  owesi sing this path's e f fec t ive  open time 
by about 1 5  percent;), 
one quarter slot width higher than shorn i n  Fig. 2.4 ( r a i s i n g  t h e  
reverse  path e f f ec t ive  open time t o  that shown i n  Table 2.2 and 
lowering t h e  forward open t i m e  by an addi t iona l  25 percent without 
a f fec t ing  sideband elimination i n  e i t h e r  d i r e c t i o n ) ,  t h i s  ap t i sn  was 
not taken. 
(using the  notat ion of HB) reflect the  cha rac t e r i s t i c s  of t he  align- 
ment. shQwn i n  Fig. 2,b, except fo r  the  ideal e f f ec t ive  open t h e  
noted there.  
This design, %he spec i f ica t ions  of 
Mowever, it, was w compromise beceuse disk 2 
out 25 percent) and disk 4 interrupted 
While d i s k  2 could have been sh i f t ed  optbionslhy 
Therefore, 'she se lec tor  specificatisns shown i n  Table 2.2 
The ptapisal  ~snstsuction of the rator s h a f t  i s  ecpivtalenb, to 
HI3 except for dimensional changes; the bearings and bearing lubrica- 
t i o n  are iden t i ca l .  
r o t o r  connection are similar t o  TRR, 
a photodiode (GE L8F), t he  arrangement, c ; f  which does not differ i n  
substance f m m  G. The photaiiode feeds an oscil loscope, t he  output 
of which may be inser ted  i n t o  a frequency counter. 
provides an independent means of checking t h e  ro tor  speed. 
The ro to r  a l i g m e n t  procedure and t h e  motor- 
The r c t ~ ~  t.schoxrae$er p%cktq 1s 
The tachometer 
This velocity analyzer demcsnstrateo t h a t  h igh  velacities (up 
6 t o  10 crn/sec) at, modest sasol.utdcan (32.9 percent) and r n ~ a ~ ~ ~ ~ - ~ ~ $ ~  
v e l o c i t i e s  (up to 3 x 10 5 cm/sea) at high resuXutiean (2.8 percent]  
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can be achieved, p rac t i ca l ly ,  for a t h i n  d i sk  medium ro to r  length  
dual  range selector. 
compact model. designed for  v e l o c i t i e s  up t o  a factor of 5 smaller 
and a t  medest reso lu t ions  (7*2 percent and 19,2 percent) .  
Grosser has demonstrated t h i s  d i v e r s i t y  for  a 
2. COARSE VELOCITY SELECTOR. 
The dual. range velocity se l ec to r  designed fo r  velocity 
se l ec t ing  the  molecular beam i n  t h e  excitation expcrfment is  con- 
sLructed from three s l o t t e d  disks mounted on R short  r o t a t i n g  sha f t  
(see Table 2.3) 
The disk design and t h e  manner i n  which d isks  are phased and placed 
on t h e  sha f t  is  t h e  resakl.taaht of an attempt t o  minimize transmitted 
l i g h t  intensiky and to maximize t h e  molecular particle speed capa- 
b i l i t y  whi le  minimizing beam i n t e n s i t y  l.osses. The m8ximum selected 
speed (% 4 x 10 
can be attained by shaft, rotation i n  either the forward or reverse 
d i r ec t ions  with equal resolutions of 2&6 percent e The hysteresis 
synchronous I W ~ Q F  (Globe Indus t r ies  75AlO6-2) which drives t h e  
rotor via. elast3.c tubular connection, is ;:csntro.hled i n  t h e  same 
the bearings of which are e l a s t i c a l l y  suspended. 
5 cm/sec) which is  l imited by mechanical v i b m t i s n  
manner as th@ ve2scity andyze r ,  
Like the  ve loc i ty  analyzer, t h e  dS.aks were constructed from 
Unlike the anakYxer disks, these d i s k s  were high t e n s i l e  alminum. 
stacked and slof ted slmu%taneously us ing  %he Electric-Discharge- 
Machining technique. This technique was eh.aaen so that material. 
would remain on %he d i sk  r i m s  after s lo t t i ng .  The naa-berbl serving 
as r i g i d  spacers between s lots  prewmta the ceeth beading away from 
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TABLE 2.3 
Specifications of the Coarse Dual Range Velocity Selector, 
Diameter of disks 
fluber of slits per disk 
Length of slits (in radial. direct ion)  
slit width iL 
Wall thickness between slots 
Wall thickness at base of s l o t s  
Wall thickness at top of' slots  
Mall thickness average value of l2 
Average radius r 
Disk thickness d 
Over-all length of rotor L + d 
1;' 
B d=d/Ll 
3 
15.88 cm 
24 0 
0.635 cm 
0,051 om 
0,132 CRE 
0,1487 cm 
0,1405 cm 
7.303 em 
0,127 cm 
5.461 cm 
5.334 cm 
o 0238 
0.2663 
Forward and Reverse 
., 266 
.261 
2ki3 
5 2.52 x 10 cm/z-.ac 
t h e i r  intended location, Machining mom khan %hme disks simultan- 
eously was not possible so that a l l   sub^^^^^^^^ "sideba~161~" are 
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s , 
u 
Figure 2.5. UnroUed graph for the dual ra.snpa c c ~ ~ r s e  v locity 
3-55, 
I I 
chopping frequency (2.20 Hz 1 and t h e  short chqpes- ionizer  dis tance 
avoids appreckble phase change aver the v a k x i t y  range of t h e  
5 analyzing experiments ( Q vQ 5 x 18 cm8sec). The e lec t ronic  
apparatus is idant iead  t o  that described i n  the optical system and 
velocity analyzer sect ions The i o n i a e ~  i o n  opt ics  mass f i l t e r  and 
electron multiplier are ident ica l  to those described in Section I11 C 
Qf &Tt On€?. 
1. PROCEDURE. 
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The voltage connections $0 the drive m 0 t w  ware changed, t o  
enable the  mtsr to rotate in the reverse diresc isn .  The rotor speed 
corresponding to t h e  maximum detected signal was noted i n  t h i s  direc- 
t i o n  
For nitrogen at 240QQK %he most probable rotor speeds i n  t h e  
forward and reversrz directions were f ~ u n d  to be 78 and 300 revo2.u- 
t i ons  per sec. resgecdbfely. These values were substituted i n to  
(2.10) along with t h e  analyzer c h a r a c t e r i s t i c s  forend in Table 2.3 
t o  aeterglhe %he r o t o r  misaligment angle, 01 = -,oca6 radians. 
Relation ( 2 , ~ )  was tisea t o  determine the  orw ward direction PralQCidy 
ca l ib ra t ion  (2.06 x LO3 cm/sec/rps). The data were recorded for 
t h ree  source pressures estlma;9;ed t o  be 1, 4 ,  and 10 Torr., which 
correspond to mean free pa%hs of order 2, .59 and .2 m. respect ively,  
The VakQCitY anakyzed data of t h e  1 and kO Torr. runs are 
displayed i n  Fig- 2.7 aJong wi th  t h e  theoretical diStribUtiQn of 
speeds. The 1 T m T e  da ta  ckose&y f Q l l Q w  t h e  the~x*et icd.  shape, A 
difference between .&his data and the  4 Tors,  data was not detected. 
The tungsten sour6c pressure did not exceed 4 T c a ~ .  i n  t h e  exc i ta t ion  
axperinents. 
The 10 Torro da ta  Giffer more significantly from %he theoreti- 
4 
s a l  d i s t r ibu t ion .  Its meximum i s  shifted about 1 x 1 0  crndsec. to 
higher velocities, and the  d i s t r ibu t ion  is mare paaxpr~w than %he l ower  
presswe dataD The geaacr-al observations suggest some type of kinetic 
cooling I s i m z L m  to, but far less p r o n ~ ~ m e d ~  ihsn is observed with 
nozzle type smrces ~ . ~ p e r a t i - ~ g  at, low Mach nimbrjr. 
I Y - -r  - - I I 
Invest igat ions of pressure-dependent velocity distributions 
a las ,  were carried out for hydrogen and deittexlium. fila effects similar 
to those found for  nit.rogen were observed at pressures up to 10 Tors. 
The theare%fsal dist r ibutkm. sf velocities for nitrogen shown 
is calculated f m m  a knowledge of the velocity analyzer design 
parmeters and of the neu%rral detect ion system veJocity dependence. 
The analytic expression for the welscity-a~aayzer-ls~~sm~~t@d number 
density at velocity 7)" 
can be wri t ten  as re lat ionship (2.13 
(since ekctrosa Impact ionization was employed) 0 
where B(v v >  i s  the effect ive s l i t w i d t h  ( a h i t t a n e e )  far different 
velociti~es and I(Q) is the veloci ty  distribution of the incident  
beam. MB have derived (2.14 : 
0' 
for Vo 3 v 3. v m2.n 
and 
B(vOD v)  = 0 elsewhere 
1 
x is t h e  e f f ec t ive  f rac t ions1  ope? t i m e  t~ t h e  incident beam. 
M(v ) can be approximated closely by (2.15) 
0 
v min 
for  high-to.-modest reso lu t ion  selectors e 
approximation has been checked for both t h e  high and modest resolu- 
t i o n  path f o r  n i t rogen  a t  2400QK, 
i c a l l y  in tegra t ing  (2.i3) to six significant figures. 
i n t eg ra l s  , v and v 
The v a l i d i t y  of t h i s  
This was accomplished by numer- 
Each of the  
were carr ied QU& by Gaussian Quadrature maw 
I ,  , 
Y 
' P  
i v 
'I min 0 ,  
( n  = 5 )  for 8 = 8.3 x 
IBM 7090 computer. 
2,4 where exact and approximatie sca2utiona are compared. 
is  excel lent  i n  t h e  ~egirne of interest  even for the modest reso lu t ion  
path 
*l393, = 3.62 x LO-:! on the 
Some results of N(vO)/y,'  are displayed i n  Table 
The agreement, 
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IV. dXPER1MENTA.L PROCEDURE. 
A. BASIC CONFIGURATION. 
The cross beam sodium oven temperatures were set  and permitted 
t o  s t a b i l i z e  for an hour. The tungsten oven was turned on and i t s  
temperature was permitted b r i e f l y  t o  s tabi l ize .  Following t h i s  period, 
the molecular gas pressure i n  t h e  source was  brought t o  its operating 
l e v e l  ( * -  4 Tors), and upon rapid s t a b i l i z a t i o n ,  the furnace tempera- 
t u r e  w a s  measured using t h e  o p t i c a l  pyrometer looking i n t o  t h e  
furnace aperture.  The resonantly sca t te red  furnace Light s igna l  w a s  
noted. Since the reactive s igna l  w a s  conventionally between t w o  and 
three orders of magnitude smaller than t h i s  s igna l ,  t he  noted signal 
is  r e a l l y  t h e  resonant s igna l  ( t h e  temperature was measured with gas 
admitted because cooling of order 30°C can be observed between 2000 
and 30OO0K). 
The molecular gas was turned of f .  The absorption c e l l  was 
heated t o  i ts  temperature, r e su l t i ng  i n  a drop of t h e  sca t te red  l i g h t  
s ignal .  The tungsten furnace temperature was  adjusted between t h e  
highest and lowest values a t  which data were recorded i n  order t o  be 
assured t h a t  t h e  s igna l  observed with t h e  beam off gave a common 
s igna l  zero. Gas was %hen adnitted t o  t h e  furnace and the s igna l  rise 
due t o  reac t ion  was  noted f o r  the par t i cu la r  furnace temperature, 
Following observation of t h e  s igna l  f o r  15 min. at 8 100 sec, 
lock-in amplif ier  in tegra t ion  t i m e  constant,  the gas was 
turned off and t h e  pressure change i n  t h e  experimental VSCUM chamber 
was noted. From t h e  pumping speed far the molecular beam gas (obtained 
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from a separate  measurement of t he  pressure time-constant of t h e  
system) and t h e  pressure change on admission of t h e  beam, t h e  molecu- 
lar  beam current  was obtained. 
was adjusted t o  a second temperature and t h e  reactive s igna l  was 
The molecular furnace temperature 
measured i n  l i k e  manner. After recording a l l  desired data, t h e  
absorption ce l l  was cooled and the  r a t i o  of t h e  reac t ive  s igna l  t o  
t h e  resonant l i g h t  s igna l  w a s  checked at t h e  first temperature. Th i s  
e n t i r e  procedure was repeated at least th ree  times for a l l  experimental 
temperatures. 
These procedures provide s u f f i c i e n t  da t a  t o  determine the  
exc i ta t ion  rate constant a t  a l l  temperatures f o r  N 
H2 and D an addi t iona l  procedure was appended,since here 
of molecules leaving t h e  furnace i s  not constatit with temperature as 
was t h e  v e r i f i e d  s i t u a t i o n  f o r  nitrogen. 
fluxes are temperature dependent because of thermal dissociat ion.  
became necessary t o  measure t h e  d i ssoc ia t ion  f r ac t ion  at  each tempera- 
ture f o r  these molecules so t h a t  number dens i t i e s  at which dissoc ia t ion  
occurs could be infer red  using the  nunber dens i t i e s  at which 
d issoc ia t ion  does not occur. 
I n  the  case of 2' 
t he  f lux  2 
The hydrogen molecular beam 
It 
For t h i s  purpose t h e  op t i ca l  equipment was disabled and the  
A quadrupole m a s s  spectrometer coaxial  molecular beam w a s  chopped. 
w i t h  the  molecular beam w a s  ac t iva ted  and t h e  operating molecular 
beam w a s  brought t o  the i n t e n s i t y  used f o r  studying the  exc i ta t ion  
processes. 
f o r  masses two and four were recorded as a funct ion of temperature 
between 1800°K and 280OoK (holding t h e  molecular gas flow rate constant)  
The spectrometer s igna l s  (proportional t o  number dens i ty)  
when the  gas admitted t o  the  furnace w a s  H and D respect ively.  Since 
the re  w a s  e s sen t i a l ly  no d issoc ia t ion  of these species a t  2000 K, the  
pressure rise i n  Chamber Three due t o  the  molecular beam being turned 
on gives  the  cor rec t  molecular number densi ty  at  t h a t  temperature. 
With knowledge of the  spectrometer 
r e l a t i v e  t o  t h e  s igna l  at 2000'Klthe rate constants a t  t h e  other  
temperatures could be determined. Other spec i f i c  details are discussed 
wi th  t h e  data i n  Sect ianV.  
2 2 
0 
s igna ls  at various temperatures 
Due t o  the f a c t  t h a t  H2 and D d i s soc ia t e  s ign i f i can t ly  new 2 
0 2600 K a t  furnace pressures of several  Torr.,  it was necessary t o  
ve r i fy  tha t  t h e  exc i ta t ion  signah were, i n  f a c t ,  not due ts t h e  
conversion of r e l a t i v e  k ine t i c  energy and e lec t ronic  energy v i a  atom- 
atom co l l i s ions .  
was  held constant and the  molecular pressure ins ide  the furcace was 
increased. Since t h e  d issoc ia t ion  fraction (i .e.  r e l a t i v e  mounts  sf 
H and H ) can be made t o  vary subs t an t i a l ly  by t h i s  exercise ,  obser- 
va t ion  of the  change i n  d issoc ia t ion  f r a c t i o n  is a tes t  f o r  t he  
predominance of either an atomic or molecular exc i ta t ion  mechanism, 
In  t h e  performance of t h i s  test w h i l e  t he  temperature w a s  2800°K 
and t h e  molecular pressure was reduced so t h a t  the  predominant beam 
component w a s  atomic hydrogen of ty-pical number densi ty ,  no exc i ta t ion  
s igna l s  were observed. When the  furnace pressires were high (molecular 
hydrogen predominance), the  exc i ta t ion  signals increased proportionally 
as the molecular nunber densi ty ,  Since the  s igna ls  followed the  
changes i n  molecular number densi ty  and not those of t he  atomic 
cons t i tuent ,  t h e  measured s igna l s  are  due t o  t h e  atom-mclecu3.e inter- 
For t h i s  exercise ,  t h e  & ~ n g s L e n  furnace temperature 
2 
action. 
An addi t iona l  test w a s  performed concerning the observabi l i ty  
of an atom-atom exci ta t ion  mechanism using beam i n t e n s i t i e s  comparable 
t o  those used f o r  atom-molecule exc i ta t ion .  I n  t h i s  test, only 
helium gas w a s  introduced i n t o  t h e  molecular furnace and no exc i ta t ion  
s igna ls  were observed. 
Be VELOCITY -SELECTED CONFIGURATION. 
The primary beam veloc i ty  se l ec to r  %as first ve loc i ty-ca l i -  
brated with the  sodium beam disabled, the m a s s  spectrometer activBted, 
and the  Chamber Two chopper wheel operating, f o l h w i n g  a procedure 
i d e n t i c a l  t o  t h a t  discussed i n  Sect ion111 G. The duai range 
ca l ib ra t ion  method w a s  performed a t  room temperature and checked h i t  
2600'~ f o r  nitrogen. 
i n  Table 2.3 were u t i l i z e d  i n  this procedure. 
w a s  kept i n  its ca l ibra ted  in-beam pos i t ion  throughout experimental 
runs. With the  apparatus required for veloc i ty  ca l ib ra t ion  disabled, 
t he  sodium cross  beam source was ac t iva ted  according t o  t h e  procedure 
previously discussed. 
temperature s t a b i l i z e d ,  the  ve loc i ty  se lec tor  w a s  adjusted far a 
particular rotational.  speed and t h e  phase sens i t i ve  s i g n a l  w a s  
measured when no gas w a s  being admitted t o  the  molecular furnace. 
T h i s  w a s  continued f o r  every rotatioaal.  speed at which data would 
later be recorded. 
t h e  appropriate pressure ( '- 
t h e  previous se l ec to r  r o t a t i o n a l  speeds w a s  recarded using an 
The v e r i f i e d  se lec tor  cha rac t e r i s t i c s  appearing 
The ve loc i ty  se l ec to r  
With t h e  tungsten furnace and the  sodium source 
Molecular gas was t h e n  admitted to t h e  furnace,  a t  
4 Torr. ) and the  s igna ls  for each of 
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in tegra t ion  t i m e  constant of 30 sec. f o r  1 0  min./point. 
Every two or three poin ts ,  t h e  ro t a t iona l  speed was brought back to 
an a r b i t r a r y  reference speed f o r  t h e  purpose of ver i fying constancy 
of the  experimental conditions throughout t h e  t ime.period required 
t o  gather  these data. 
2600% and 2900'K; for hydrogen and deuterium, 260O0K was t h e  only 
molecular beam temperature .. 
For nitrogen, ve loc i ty  contours were taken a t  
Following t h i s  data co l l ec t ion ,  in a separate  measurement t he  
s igna ls  f o r  each species were s tudied r e l a t i v e  to one another a t  an 
a r b i t r a r i l y  chosen ve loc i ty  se l ec to r  speed where a l l  three s igna ls  
were observable. Having obtained t h e  th ree  s igna l s ,  t h e  ve loc i ty  
se l ec to r  w a s  Lowered out af  the beam and t h e  re la t ive  number dens i t i e s  
f o r  t h e  respect ive beams were determined via t h e  mass spectrometer 
procedures u t i l i z e d  i n  the basic configuration. 
signals 
plo t ted  on the sane arbitrary experimental scale. 
Knowledge of t he  
relative te, each other  enabled all. re loc i ty  signals t o  be 
V. RESULTS. 
The temperature dependent e f f ec t ive  rate eonstants determined 
and N2 are shown i n  Fig. 2.8. with t h e  basic configuration f o r  H D 2' 2 
Referring t o  Fig. 2.8, 
constant f o r  molecules 
d T l )  5 kr(Tl, 
t h e  ord ina te  n defined by (2.16) is the sate 
having s u f f i c i e n t  energy t;o reac t .  
(2.16) 
k 
(2.4). E (= 2.10 ex.) i s  t h e  required energy fo r  exci ta t ion.  TI i s  
the molecular furnace tmpera tu re .  
i s  the  conventionally defined reac t ion  ra.te constant displayed i n  r 
0 
This definition has been chosen f o r  
t he  purpose of displaying a temperature depar,dance that is more abated 
than t h a t  of kr(Tl). 
The exc i t a t ion  rate for N2 was  determined absolutely at 2200% 
using t h e  procedu.re Q% comparing r eac t ive  signals ~ i t h  resonantiy 
sca t te red  furnace Light signals as described in Sea:f;ions IIA and IVA. 
.+. 
This de t emina t i an  is appropriate to the  assumptions that (a) all b e m  
molecules enter ing t h e  experimental chamber (and pa.sstng through t h e  
t a rge t  atoms) absa leave v i a  t h a t  chamber's d i f fus ion  pump; (b) t h e  
l i g h t  produced in particle c o l l i s i o n s  is isotsopisal3.y d i s l r i b i t e d  (the 
angular d i s t r ibu t ion  of t h e  resonantly sca t te red  light is only 2 percent  
non-isotropic20 and t h i s  correct ion w a s  not made i n  t r e a t i n g  t h e  data); 
( c )  t h e  Na(3 P)  l ifetime is known.*' 2 Since t h e  ionization gauge was 
ca l ibra ted  against  a McLeoa 
t i o n  car r ied  out st 2200 K only depends fus$har on three fac tors :  
gauge f o r  %his gzsi, t h e  absolute calibra- 
0 the 
r epea tab i l i t y  of t h e  ion iza t ion  gauge i n  measurhg an absolute Chamber 
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Three pressure change, t h e  determination of t h a t  chamber's diffusion 
pumping speed (Section I I I A ) ,  and measured primary beam geometry 
(Appendix 2A). 
The absolute rates f o r  H and D were determined by comparing the  2 2 
reac t ive  s ignals  f o r  these gases w i t h  t h e  N 
determinations car ry  addi t ional  assumptions t h a t  (a) t h e  ionizat ion 
gauge r e l a t i v e  eff ic iency f ac to r s  are known (N is more e f f i c i e n t l y  
detected than  H 
pumping speeds f o r  H2 and D 
square root  of the  mass ra t io s (co r rec t  to first order,  see Section IIIA) . 
The rate constants at temperatures other  than  2200°K were 
s igna l  at 2200'K. These 2 
2 
and De by a fac tor  of 2.41, and (b) t h e  d i f fus ion  2 
r e l a t i v e  t o  N 2 2 are re l a t ed  by the  inverse 
determined f o r  each gas from r e l a t i v e  measurements of that gas with 
respect t o  2200 K. 
t he  reproducib i l i ty  of data at each point,; t h e i r  magnitude corresponds 
t o  mean deviation of the average s igna ls  displayed an the chart  recorder 
output. (The mean deviat ion of char t  recorder s ignals  about t he  average 
fo r  d i f f e ren t  experimental runs was usual ly  la rge  compared wi th  t h e  
mean deviation of averaged s igna ls  i n  one r u n , )  
Q A11 quoted e r r o r  bars i n  Fig. 2.8 refer so le ly  to 
The velocity-selected s ignals  obtained. for  A2 and D2 at 2600°K 
are displayed i n  Fig. 2.9; those f o r  N2 at 26QQ and 29OOoK are shown 
i n  Fig. 2.10. 
speed of molecules p r i o r  to exci ta t ion  collisions. 
t h a t  t h e  da ta  of both figures a r e  plot ted using the same a r b i t r a r y  
un i t s  for  s ignal .  
sca les  as a r e s u l t  of taking r e l a t i v e  veloci ty  measuremeats at 
Vo = 3 x 10 
The abscissa of each, Vo, is; the nominab l&boraTory 
It is noteworthy 
The respect ive s igna ls  were adjusted to the same 
5 cm/sec and measuring the  r e l a t i v e  molecular beem d e n s i t i e s  
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without velocity selection. Similarly, as in the basic configuration, 
the relative scaling is known only to within the same relative P I - ~ S S M ~ ~  
gauge efficiency factors and diffusion pumping speeds. 
like those of the preceding experiment are displayed without the mean 
deviations of signal for a given experimental run. 
These signals, 
The results ~f these experiments have been analyzed assuming 
that vibrational energy and the kinetic energy af C O U ~ S ~ Q D  are the 
sole sources of excitation energy. If one also assues the effective 
cross section is given by (2.171, it is shown in Appendix 2D that the 
basic and veloc i tyse les ted  experimental. yields are given by (2,181 and 
(2.19) respectively. 
tribution beine de-excites t n  vsorational sr;nT.e J a r L ‘ % e r  callision. 
in the simrJle harmonic apwoximation. 6( E - E ~, 1 is a d e l t a  function 
with vibrationai energy argument. 
In the basic exneriment the rate coeff ic ient  is given by 
iii 
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the  velacity-selected experiment a re  given b,v 
f2.20) Av = l,.,..), m 
m is the smallest nmher  of vibrational quanta y-equired for  excitation 
by pure v ib ra t iona l  energy transfer. 
The experimental rate of the brssir ronfigurazian disp;;jlfred i n  
Fig. 2.8 is equal. to G ~ E :  superposition of the  sake cnns tan t s  <s Q,Y' 3%;. *.,'(T1 1 
in (2.18) for m~lecules  having i n i t h i .  and f j r t s 2  stakes v anti v'  
and having sufficient e~ergy to reac t .  
constant, Qlap,v' e 
The ssnventi~nslly defined m k e  
-Eg/kT, 
&, is composed of a kinezic factor P AT, 1 A T  1. 
which depends on R ( v  and the Maxwellian velocity distribution 
function of the crossed beams. 
Av r 
The velocity-selected signals displayed in Fig. 2.9 and 2.3-0 
are proportional to the superposition of the velocity-selected rake 
constants ~ r ~ , ~ ,  Bv,vl (Vo, Ta) in (2.19) via an unknown canstant prspor- 
tionality factor K . Component rates (3 
laboratory velocity, V of t h e  molecules as w e l l  as on T because 
Qav(Vo, T1), the analogue ~f PnV(T1) 
selector pass-band function. 
I 
depend on the nominal v,v' %,VI 
o9  1 
additionally contains the veloc i ty  
The alternate wax of expressing the experimental yields in 
- (2.18) and (2.19) involving (2.20) emphasizes the fa& that if a bv,O 
d 
fixed Av is that corresponding to complete vibrational de-excitation after 
for d l  i, the predominant rate measured in either experiment for Av+i ,i 
Iy ('2,) The possible predsminance of Q A ~  rate A v,O 
%v,O ( V o ,  T1) 
collision, 
(I Bv,O 
in list (2.20) is hebpfiib in analysis. 
The facl; that sate constants for the velocity-selected eon- 
figuration depend on the laboratory sFeede o f  the molecubes w i t h  ex@ita?.?ion 
Q rates for pura vibra&ionwb energy transfer psedominaking at small V 
(Av=m) and excitation rates for pure kinetic energy transfer predominating 
for high Vo (Av = (2) suggests that this exgerimeat I s  capable of determining 
the relative ra%es for different Av. Snabstitutjan of t h e  relative rates 
determined via (2.19) into (2.18 1 enables absolwke determination o f  
sections e 
If n(T- and s(vO, T 1 are dstesE-.ined experhental ly  at I 1 
of temperatures, and at one temperatwe for a variety of velocity 
crass 
a variety 
sea eal;or 
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speeds Vo respectively,  then equations (2.18) and (2.19) suggest the 
following recipe for extracting s l imited number of a from these data. v ,v' 
(A). Assume a functional form for  RAv(vr) and calculate  the functi.ons 
(1) for a l l  appropriate Av and one temperature, T, 
(B). Wing Go the fac t  that f3Av,0(Vo, T1(1)) differ greatly for dif- 
. 'Av ,0 A 
ferent Av (demonstrated i n  Appendix 20.2) a unique superpsition 
and at least another temperature, (21 (C) . Calculate the  ,v, (T1) at T1 
T1' 'I. Compare the calculated temperature dependences 
Av that appears i n  t h e  long lis% (2.20) which together explain 
t h e  temperature dependence. 
Av = O...m, &%ermine the ratios of these Q which form a wet. 
af cross sections CQllSi.Stent w i t h  the  %emysesrzture data. 
If veiacitzy d ~ t a  re available at a second temperakure (T, 
then s ~ b s t ~ i t u t e  he Q~ 
W )  Knowing %he ratios of tihe aAV(Tl 
Y , V '  
(4) \ (D) . *- 
determined in (C) i n t o  (2.19) and 
experlrnental daka if the B 
with t h e  data of both experimentsl 
, guessed i.n ( C )  are consistent 
v,v 
(E). When R set c$ pred.aminant terms in equabion (2.20) are cay8bi.p 
of explaining 82.1 data consistently, do.t;ermine the absolute 
values for the selected oY w i n g  (2.18) ,v' 
181 
and t h e  absolute rate data i n  Fig. 2.8. 
This prescr ip t ion  ha5 been applied using the  two d i f f e ren t  
assumed R 
k ine t i c  energy. 
required for  reaction. 
(v ) appeasing below. E(: 1/2 uv:) i s  t h e  r e l a t i v e  Av r 
Et() 0) is  t h e  minimum relative k i n e t i c  enesgy 
(2.213 
(2.223 
where E = Eo - ( h; - E when Eo - ( e v  - c V I )  0 t v v '  
Et = 0 when E 0 - ( 6  - E 1 . 0  v -v ' 
Energy dependences ( 2 . 2 2 )  and (2.22) are consistent, throiigh detailed 
balance arguments with t h e  results of Ns(3 P> quenching experiments 2 
carried out i n  high and low temperature enviranmen%s. (Refer to 
Appendix 2D f o r  these argunents). 
j u s t i f i c a t i o n  far (2.22) i n  t h e  ease of H2$ B2 and €IZ9 (2.21) also 
has been u t i l i z e d  to estimate t h e  sensitfvity of t h e  ana lys i s  on 
Wh5-1-s there appears to be more 
func t iona l  fora o f  tne exc i t a t ion  function. 
Armed with these procedures, m e  f i n d s  it necessary only 
t o  specify the vibrational. energy levels f: before carrying out the  
required calculations. 
and N are we11 known from seceni; spertroscopir d e t a  of Iierzberg 
v 
2 5  D2 These leve ls  ?or t h e  X IC* states of fi E: 
2 
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TABLE 2.5 
X VIBRATIONAL ENERGY LEVELS. 
i% 
I _. . - .  I I 
I H Energy (e.v.) ! D2 Energy (e .v>  ! v  2 
: i 
; N Energy (e .v , )  2 
c_ . . . . .~ .. - . . . . . . . . -. . I  .. . 
- 1  - . ----_.- . .-- - . . . . _.. . . 
1 0  0.0 0.0 
! I 
i 
i 2  1.002 ,727 
i 
i 1  ,516 371 
i 
0.0 
289 
574 
1 .856 
G 1.134 
I 
: 3  1.460 
j 4  1.890 
i 
i 5  2.292 
i 6  2.666 
7 3.011 
8 3.326 
I 
1.069 
A .  396 
1.408 1.. 710 
2.009 
2.294 
2 565 
1 680 
I. 947 
2,211 
9 3.610 2,822 2.471 
10 3 861. 3.065 
2.982. 
3.230 
13 4.382 3 * 7\22 '3 (. 476 
14 4.459 3.882 3.718 
15 4.04L 3.957 
16 4 * 1.88 4 c 19n 
17 4 " 311 4 * 423 
18 L h.2 4.650 
4.874 19 b.489 
20 4 536 5 094 
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24 and Howe22, Takezawa, Innes, and Tanaka23, and Wallace respect ively;  
a l i s t i n g  of the l e v e l s  appears i n  Table 2.5. Readily apparent from 
t h i s  l i s t i n g  is t h e  f a c t  t h a t  pure v ibra t iona l  t r ans fe r  for H2, 
D and N requires  5, 7,  and 8 quanta respectively.  If fewer than 
these  number of quanta par t i c ipa t e  in reaction, k ine t i c  energy m u s t  
2 2 
assist s ince  rnt.stiona1 energy is being ignored. Also neglected is  
t h e  poss ib i l i t y  of any bcrna f i d e  react ion activation energies.  These 
a r e  the  maximum n-amber of k ina t ic  functions “PAv and QAw) t h a t  
must be calculated.  
When steps ( A )  and ( B )  are carried sut using energy depen- 
8 dence (2.21) for H 
be f i t t e d ,  as shown i n  Fig. 2.12,. Far These mo?*e611~les, the data 
and D2 a t  2600 K ,  the measured ve loc i ty  da ta  can 2 
(with error bars assigned) are only suffi@i~?.nt,  o ver i fy  the  
pa r t i c ipa t ion  of pixe i n t e r n a l  energy and a li.mit3ed mount of 
k ine t i c  energy going in to  reaction. 
is understood t o  be t h e  superposition of 4 and 5 vibra t iona l  quanta 
2 The calculated signs1 for FF 
transfers (a5: s4 = l : l / J . O ) ;  f ~ r  D2$ 5, 6 and 7 quanta transfers are 
taking place (&?:a6 : a5 = I : 1.45 : 1/50). 
energy dapefidence (2.22) are shown in 
DZ3 a7 : a6 : a5 = 1 : 112 : l / b ) .  I r i a b i k f k y  to d,edec.t l a rge r  
~%IIQU%S of k i n e t i c  energy is due t o  the  fact; that t he  ve loc i ty  
se l ec to r  could not be operated at higher velocities, if in fact t h e  
contr ibut ion o f  l a rger  amounts of kinetic ~ n e r g y  fs possible, 
 le fitted daka using 
Fig. 2.12 (H2, a5 : a4 = I :I-: 
In the case of N where %he re&~ced mass is considerably 2 
largera the veloci=!qr da%a are sufficient ts denonstsate t h a t  exei- 
t a t i o n  can still. occur when onZy about half of %he exci ta t ion energy 
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comes from internal ,  energy ( 4  quanta t ransfer red) .  Like t h e  hydrogen 
isotopes,  mult iple  quanta t r a n s f e r s  up t o  pure v ibra t iona l  t r a n s f e r  
have been observed. 
data are f i t t e d  using a8 : 
one obtains  t h e  290OoK curve i n  Fig. 2.23. 
a t u r e  f o r  (2.22) using a8 : 
is shown i n  Fig. 2.14. 
0 In t h e  case of energy aependence (2.21), when t h e  2900 K 
: a4 = 1/2 : 1 : I : 1 : 1, a7 ' a6 ' '5 
The f i t  at this tamper- 
: a4 =1/5 : 3/2 : 1 : I. : 3 a7 : a6 : a5 
It is noteworthy that t h e  experimental data  of Fig. 2.13 
and Fig. 2,14 l i k e  Dhow of Fig. 2.11 and Fig. 2.32 for  H2 and D2 
represent, t h e  sigXaa2.s due pvsely t o  t h e  primary velocity se l ec to r  
pass-band. ID the  case of H and D secondary contr ibut ions aye  2 2 
negl igible  and no correct ions have been applied to the  data. For 
N2, secondary contr ibat ions have been removed from the d a h  appearing 
i n  Fig. 2.J.O ( i .e.  Fig. 2,13 and Fig. 2.34 represent -S(Vos TL) - 
cha rac t e r i s t i c s  appears i n  Section IIIF.  
Proseeding to s t e p  (c) if one calculates the 8; v ,v l  ITI 1 
at many temperatures i n  t h e  experimental saqge exmined for any of 
t h e  species ,  then il is  evident t h a t  %he o, v,v l  (TL) depend 
e s sen t i a l ly  l i n e a r l y  on T i n  t he  range 2000 5 TI 2 2800°K. 
can adequately summarize the  resukts of these salculations by 
One 1 
different; temperatures as noted in (C). 
N 
those using (2 .22 )  appear i n  ~ a b l e s  2.9,  2.10 ana 2.i1,. 
The resulks  for H D2 and 2' 
u s k g  (2.21) appear i n  Tables 2.6, 2.7 and 2.8 respectively; 
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It i s  noteworthy that a number sf v,v' combinations are 
unspecified i n  the upper l e f t  portions of each chart .  These t rans-  
i t i o n s  are impossible v i a  conservation of" energy when v ibra t iona l  
and k ine t i c  energy are the only exci&ation energy sour(zes. The 
unspecified u and a 
are re jec ted  because here u is too large and OL i s  too small t o  
i n  the  lower r i g h t  portion of the  charta v,v' 
conform t o  measured values of 17. With regard to calculated fea tures ,  
as expected, t h e  e f f e c t s  of t h e  first en%ry i n  each c o l m  ( v  -+ v'  = 0 
t r a n s i t i o n s )  w e  t h e  most probable o f  being observed i n  these exper- 
iments as evidenced by comparing the  "renctian veloc i t ies"  r)[ 
those for constant. Av lying inameciiately below, a v.v-nv" 
general  feature far  a l l  species i s  the  f a c t  that; for f i x e d b v ,  t h e  
w i t h  u,o 
Another 
temperature slopes u increase as v increases; this behavim i s  no 
su rp r i se  i n  light of e ~ ~ a - ~ i ~ n  (2.203. 
Considering %he temperature dependences of' TabLes 2.6 and 
2.9 f o r  H2,  ne observes t h a t  o. 
slopes corresponding most nearly t o  those observed i n  Fig. 2.8; o n l y  
and a possess temperatma 
590 t o  
Av = 5 and 4 quarata t r ans fe r s  were iden t i f i ed  in t h e  veloci ty  data. 
Ascribing Fig.  2.8 data  to these t r r ans i t i nns ,  a CI 
f o r  e i t h e r  (2.21) or (2.221, 
?*Cl' 4,Q = ag: % 
Proceeding to step ( E ) ,  these cross 
= &T i l2  for  (2.22). '5,O: '4,O 
The apparent l a rge  dependence of these cross sect ions OA 
cross sec t ion  velaci ty  dependence can be paa-tid.ly a t t r i b u t e d  in- 
stead t o  lack of  velocity-selected infamatkm st high ve loc i t i e s .  
The f a c t  that the  ve loc i ty  d a h  below Yo = 3.8 x LO5 c~1J/.p,ec are 
s igna l s  e n t i r e l y  from Q 
for Q 
t o  R 
r a t i o s  a 
(2.22) where the Qk(Vo, TI) threshold lies close %Q 4 x 10 
means t h a t  only the  ve loc i ty th re sho ld  
590 
4,o 1 w a s  measured. Since t h e  QAv(Vo, T 1 are very sens i t i ve  
(v ) at threshold and r a the r  i n sens i t i ve  far l a r g e r  V t h e  
*V r 0’ 
: &4 m a y  be incor rec t ly  determined (particularly for 
5 
5 cmlsec), 
7,09 In t h e  case of D2, Tables 2.7 and 2.10 ind ica te  t h a t  a 
and a are consis tent  with the  data of Fig. 2.8. 
690 5?0 
CL 
Therefore, ascribing t h e  pr inc ipa l  features of’ the data to these 
I n  t h e  a5 ’ : u  . 1- : €A6 ! 7,0 6,O a,o = t r a n s i t i o n s  means t h a t  Q 
case of (2.211, these ratios imply t h a t  G - : Q  - 7,O : ‘6,O 5 , O  
2. 2g2. Both cross’ sec t ion  velocity dependences suggest t h a t  She 
t r ans fe r  of pure i n t e r n a l  energy is  more efficient than when less 
i n t e r n a l  energy leads to exci ta t ion .  Comparing the a f o r  H2 
with u f o r  D one f inds  agreement regardless of &he particular 
590 
790 2 
cross  sec t ion  ve loc i ty  dependence chosen. 
Considering t h e  temperature dependences of Tables 2.8 and 
a a are in serious 8,O’ 7,Q’ 6,Q 2.11 f o r  N2$ one f inds  t h a t  a 
disagreement with the measured temperature dependence of the basic  
experiment (similar to a >. Regardless of this disagreement, 
if one be l i eves  t h a t  the a 
5 ,O 
csuld be dominating t h e  5,o a*d L , O  
: a  : r ?  “7,a 590 5,o * data of Fig. 2.8 then  subs t i t u t ion  af uR 
CT 4,0 = a8 : a7 : at; : a5 : a4 in to  (2.18) should predict the tern- 
: 
3 ,  
perature  depetdence observed, The f&c% ?hat t h i s  simple list of 
cross sections cannot exp-lain t h e  da%a can be shown Yrom the 
a compared w i t h  c a (see !bb:ks 5,o 590 8,Q 8,O l a r g e  magnitude sf a 
2.8 and 2.11). This reason for failure of the complete vibrational 
does predict the observed de-excitation scheme and the fact that a 
temperature dependences instructs us to ascribe the 8 quanta contribu- 
11 93 
whi’le still maintaining the u 
l l , 3  7,O : ‘6,O 5,O 
scheme for  Y = 4, 5, 6, 7. JJ,3 v,o tion to u 
In this case u 
a4 (e ( ‘11 - E8)’kTl = 58, T1 
explain the data. 
u s 3  v $0 
cross sections u 
city dependence (2.22) suggests that 
200x2 : 8.6x2 : l.7.3X2 : 17.G2 : 5d2. 
a7 a6 : a5 : ‘ U  * u  : u4,a = 58 a8 : 
270O0K) and these cross sections can 
With this simple interpretation (2.21) suggests the 
2 = 95g2 and u = 3.38 for v = 4, 5, 6, 7. Vela- 
=: 
: ‘5,o ’ ‘4,o : u7,0 : U6,o 
When these cross sections (for 
either velocity dependence) are used with step (D), the calculated 
S(Vo, T1 - 2600) are consistent with the measured 2600’ velocity contour, 
as shown in Fig. 2.13 and Fig. 2.14. 
If one attempts to explain the N2 temperature dependence of the 
basic experiment without asserting the approximate predominance in the 
signals of Av = 8 transitions originating from high lying vibrational 
states such as v = 10, 11 or 12,  one is impressed by the inability 
of finding an interpretation that is consistent with the velocity sel- 
ected results. It can be seen by considering Tables 2.8 and 2.11, 
that the ratio a /a 
have to be larger by at least one or two orders af magnitude than was 
determined by analyzing the velocity data, would 5 8’ 
found in order to support the notion that CJ 
u in the basic experiment. Approximate pure internal energy 
signals predominate 
590 
% 
830 
transfer predominance enables one to deduce that < I58 = 
over 
3. 5x2. 
Concerning the N2 cross sections, it is noteworthy that the 
Av= 7, 6 signals optionally could be principally attributed to 
v > 7,6 respectively rather than to complete vibrational de -excitation 
assumed in the previous interpretation. For example, in Table 2.11 
it will be noted that a and a possess temperature dependences 
992 791 
790 which more nearly correspond to those found experimentally than u 
2 then Q 
the cross sections u 
molecules may in fact prefer not being completely vibrationally de- 
excited when kinetic and vibrational anergy couple with the electronic 
? 130% and a7,0 702 for velocity dependence (2.22) and 992 
u dc; not change. While the N2 11,3' '5,O' 4,O 
$ 
mode, this notion is not as appealing as when the v = 11 + v' = 3 
transition is the only possibility for not being completely de-excited. 
A larger number of vibrational states not being completely de-excited 
appears' to contradict the temperature dependent results found in quench- 
ing experiments carried out at high and l o w  temperatures. 
A notion often discussed in the literature is that the cross 
section for interconversion of vibrational and electronic energies may 
depend strongly on the closeness of match between the vibrational energy 
given and the electronic energy received (energy resonance). Since 
G for H2 and a for D have been found to be equivalent and 590 7 90 2 
large compared with u 
deserves attention. 
for N2 in this study, this notion certainly 8 $0 
In this regard, the reaction energy defects, 
- Eo, have been tabulated for those species using the vibrational A €v 
energies appearing in Table 2.5. Examiniw Table 2.12 
Table 2.12. Reaction energy defec ts ,  h E -  Eo, for p ~ r e  vibrational 
energy t r ans fe r  . 
- -  
I + 22 (b)  D2 (X 1 Zg) + 23 (a) H2 (X C 
I I  t I 
EO Eo vi v' A E =  0: ( e . v . ) A  E -  A E =  E~ - E (e.v.1 A E -  V V 
2.292 .18? 7 o 2.294 .1.89 
I 
2.150 .oh5 a 1 2.194 .089 
2. so8 -.097 ' 9 2 2.095 -e010 
1.865 -.24 IO 3 1.956 -.149 
' 11 3 
i 4 
, 13 5 
12 
2.211 0 
1. 2 182 
i 
2 2.334 
?3/2 Eo = 2.105 e.v. 
2.125 
2 9 096 
2.068 
A E -  Eo 
.lo6 
* 077 
.Ob9 
a 020 
- 009 
- .83? 
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(a) , (b )  f o r  these results one notes t h a t  t he  v = 5 .* v' = 0 and 
v = 7 + v '  = 0 energy defects  of H2 and D 
l a rge  compared w i t h  those f o r  v = 6 -+ v '  = i and v = 8 -+ v '  = 3 
are almost i den t i ca l  and 2 
respect ively.  If energy defect  is important theaa the latter 
t r a n s i t i o n s  should have been observed for  +,hese mo3ecuLes. Looking 
at Table 2.12 (e )  for N2 one notes tha t  the defect far  v = 8 + v '  = 0 
is almost half t h a t  found fo r  complete de-excitation of t he  hydrogen 
molecules. But; the  defect  f o r  v = 11 -* v '  = 3 is small compared 
w i t h  t h a t  f o r  v = 8 + v' = 0 and %he former has been implicated i n  
these  experiments, These cor re la t ions  suggest t ha t  t h e  sharp type 
of energy defect  resonance theoretBcdlLy found by Dickens, Linnet t ,  
and Sovers25 (in cdnsideration of the N - N2 d: P) and Hg [ P) - 
CO, N2, NO quenching reac t ions)  may in fact be va l id  f o r  t he  N 
system. 
. 2  3 
2 
2 - Na( P) 2 
The v a l i d i t y  of this concepc far the hydrogen - fla systems 
appears t o  be questionable,  experimentaiky speaking. 
>> 0 cosre- 
8 90 
The present experimental f inding t h a t  for N CJ 2, 11,3 
lates with energy defec t ,  appears to be the only experimentally suggested 
evidence y e t  reported i n  favor of t h e  sharp resonance idea.  Hitrie 
suggested that; excitation proceeds via the transfer af pure vibya- 
5 
t i o n a l  energy but; he did not suggest any p r i o r i t i e s  among various 
v ib ra t iona l  states  t h a t  could lead t o  excilation. 
t he  exc i ta t ion  of several  Lines of Na other than the 3 P, Starr 
After examining 
2 6 
concluded t h a t  resonances arb not important because h i s  abserwations 
were similar f o r  all strong Ha l i n e s  between 31OQ and 61008. While 
f inding,  QK.E can question whether h i s  evidence provides suff ic ient ,  
201 
detailed information t o  w a r r a n t  t h e  conclusion. 
de t a i l ed  knowledge of S t a r r ' s  i n i t i a l  d i s t r ibu t ion  of v ibra t iona l ly  
I n  pa r t i cu la r  a 
3 
exci ted states would be he lpfu l  i n  evaluating t h e  ce r t a in ty  of his 
conclusion. 
It is noteworthy t h a t  t h e  presegt f indings,  demonstrating 
t h a t  e lec t ronic  energy a l s o  can couple w i t h  v ibra t iona l  energy i n  $3 
highly non-resonant manner wi th  moderate eff ic iency,  have been 
observed i n  c the r  systems. Pelanyi and co-workers were the first. to 
observe d i r e c t l y  t h i s  phenomenon by studying %he in f ra red  emission 
induced i n  both C026 and NO27 through t h e  quenching of Hg(6 P).  
This type of coupling a l so  has been d i r e c t l y  observed recent ly  i n  
a shock wave anvirbnment f o r  the CO - Na(3 P) system. 
3 
2 28 
If the exci ta t ion  cross sec t ions  determined i n  t n i s  study are 
val id ,  then via microscopic reversibili,ty one would expect them Lo 
be i n  general  agreement w i t h  the  e f fec t ive  cross sec t ions  measured 
2 5 929 930 931 9 when Na(3 P) is quenched i n  t h e  presence of H, P 
32'33'34 When bo&h mul t ip le t  components ( P 
and N2. c 2  
) exci ted by 2 3/2) p1/2 
c o l l i s i o n  E L F ~ ~ W  in t h e i r  na tura l  statistical ra t io  (observed i n  
S t a r r ' s  exc i t a t ion  experiment for N2) 
cross  sec t ions ,  
are given by (2.23) 
then the p a r t i a l  quenching 
, f o r  exc i ta t ion  velocity dependence (2.22) 
U = 0 ' 1 3  v '  ,v v,v . (2.23) 
Subs t i tu t ion  of t h e  previously detemirred Q ~ , ~ ,  i n to  &2,2j)  yie%ds 
t h e  p a r t i a l  quenching cross sect ions appearing i n  Table 2.13. 
202 
Table 2.13. Quenching cross sections calculzteci from excitation 
cross sections for velocity dependence (2.22) using 
xaicrascopic reversibility. 
094 
Q 
-. ............ 
___ . . . .  - ........ I- . . .  
... , . 
-. . . . . . . .  
-. .... 
3 4. Q N2 
Q 
I 0,4 
Q q = Ca 
0 ,v 
2.9 
2.9 
2. 9g2 
1.4 
2.1 
67. g2-- 
c3.5 
2.8 
5.8 
5.8 
17.3 
? 
35.2 
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Comparing the  deduced e f f ec t ive  quenching cross sec t ions  
u 
with some of t h e  measured quenching cross sections determined i n  a 
var ie ty  of environments (see Table 2.14) , one f inds the general  
agreement expected. Qne also notes excel lent  agreement w i t h  exper- 
iments car r ied  out at  center-of-mass temperatures, equivalent to 
those of t h e  present study, and poorer agreement with the bulk 
s tudies  carried out a t  lower temperatures. 
estimated cross  sect ions fall within the  range of t h e  low temperature 
(%500°K) bulk r e s u l t s  and t h e  high temperature studies tends t o  
speak reassuringly for the analytical teshniqms employed i n  t h i s  
study. 
( including only energet ical ly  allowed u ) given i n  t h i s  Table Q 0 ,v 
The fact t h a t  t he  
I n  comparing t h e  a with t h e  r e s u l t s  of quenching s tudies  
9 
i n  greater  detai.l, it should be emphasized the& only t h e  partial 
quenching cross sections for i n i t i a l  ground vibrational aLetes 
energet ical ly  allowed i n  quenching experiments havs,been included 
i n  Q ( see  Table 2.13). 
0.02 e.v of being energet ical ly  nlbowed, no attempt aas been nade to 
include i t  i n  the  e f fec t ive  cross  sect ion before comparing with  che E- 
s u l t s  lor an3 environment. S t r i c t l y  speaking, one should spec i f i ca l lg  
weight t h i s  cross sact ion w i t h  the Q 
quenching r e s u l t s .  
thermal d i s t r ibu t ion  considerations can be applied i n  the  wa$.gh'Cing 
procedures. 
important along with s ign i f i can t  vibsatlonak r s l sxa t ion  rates. 
f o r  these reasons that B 
is within 
? xi. I n  t he  case of N, where 0 9 
before comparing G w i t h  
0 ,v 9 
However; not knowing Q far N2 implies t h a t  only 
083 
chis cansidesation may be 
It is 
0,3' 
Depending ~n the size of Q 
has been kept s i m p l i f i e d  and a more 
4 
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Table 2.14. Effestive c o l l i s i o n  cross sect ion for quenching of 
i This work, estimated via i microscopic revers ib i l i ty  
‘ U . R  ( v )  (2.22) 
~ q’ bv r 
i Kibble Copley, and L. 
-- 
Kra~se*~  (Bulk) 
Norrish and Smith 
( Bulk) 
Mankopff, Cross Section 
determined by Mitch 1 
-. . - - __ . - - 
30 
-- - . .- - - 
and Zernansky (1961) 5s 
(Bulk) _._ 
Jenkins32 ( flame) 
Harmon5’ (photo-dissacia- 
t i o n  of NaI by U.V. Sight) 
. - __ __  __  .. I _.__ -- 
5 Hurlgo (shock tube, 1700 
Tsuc hiya , Korat ani 
(shock tube, 2300-2500%) 
-4500 K ) .  
__ -_ . 
34 
23.2 
17 
2.8.7 
2.77 - 3.06 
2.1 z2 > 35.2 x2 
40.3 + 0.3 
c 
9.8 + 0.3 - 
45.6 
61. 
21.8 
(1400-1800°K) 
LO t o  269 
See Jenkins3‘ for  additional Investigations. 
Table 2.15, Comparison of theoretical results far quenching 
by N2 with those deduced from experimental exci- 
tation cross s ctions. A l l  cross sections are 
expressed in $. a represents the polarizability 
assumed in the Bauer et al. theory. 
j 7 1.27 1.90 5.89 2.8 3.8 x I 
I 
i 6 5.12 6.03 6.56 5.8 4.6 x 10" 
! 
i 5 10.50 7.83. 7.65 5.8 69 
I 4 1.06 5.86 8.21 17.3 1.5 
3 0.30 3.74 8.81. ? 10. 
2 0.00 9.23. ' 8.74 ? 1 5  
5.75 ? 6.2 * ,  : 0.00 0.00 
0 0.00 0.00 4.38 
- - 
0 
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exhaustive de ta i led  quenching cross  sec t ion  compwison has not been 
car r ied  out.  
Not only can the  implications sf the  excita%ion findings 
be compared with other  experimental studies but i n  the  case of N 
they can be conpared w i t h  t he  recent sexh qmntit .ai , ivts theoreticas 
s tudies  ox' Bauer,Fisirher and Gilmore. " 
intermediate ionic  s l a t e  involving Na N, as first, suggested by 
Magee and Ri3' and Laidler37 i n  an attemp& t o  expl.ain the  large 
quenching cross sectictns genesably meaou~ed,  Baurar et al. calculated 
aa(3 P) quenching cross sect ions for  N, as a function oi i n i t i a l  
k ine t i c  energy and of f i n a l  vibrational state. These calculations 
were car r ied  sat fir  t h e e  a r b i t r a r i l y  chosen po la r i zab i l i t y  correc- 
t i ons  I a 1 ta %he simple coulomb tern of the potential. same sf 
these  r e s u l l s  fo r  i n i t i a l  kinetic energy of "1. e.v. appear in Table 
2.15. Refersing t o  Table 2.15, one f i n e s  same agreement between the 
p a r t i d  cross  sections of Table 2.13 and the Baser results, parti- 
cular ly  for the  larger polar izat ions.  Aside from &ha differences 
i n  the  cross  sec t ion  absolute values,  the only general disagreement 
appears t o  deal with the importance of resonance effects i n  t h i s  
process. 
2 
. -  
iit'tt:-r postulating an  
+ -  
c: 
2 
L 
I n  consideration of t h e  same problem, BJesre and NLkitin31i (BN) 
2 
calculated sate constants far  the  quenching o f  N a ( 3  P) by NZ, also 
assuming the  intermed5ate ionic  state. 
sect ions w i t h  the cross sect ions of Bauer et a l .  (see Table 2.15) 
BN suggest t h a t  N prefers  f inds  s ign i f i can t  differences.  
being excited i n  the  Lower v ibra t iona l  s ta tes  wi th  8 max.~na?m 
Compwing their deduced cross 
one 
2 
population occurring f o r  v = 2 rather than t h e  broader more constant 
v ibra t iona l  d i s t r ibu t ion  favoring v = 5 sugges%ed by Bauar e t  d.. 
Besides the l ack  of agreement between t h e  BN a d  experimental 
results concerning v ibra t iona l  r e s o n a c e  for Av e 8, t h e  BN cross  
sec t ions  a and u cont ras t  w i t h  t h e  corresponding experimental 
cross  sec t ions .  
096 Q *7 
Fina l ly  we arb i n  a pos i t ion  t o  discuss the aurora l  sodixm 
D exc i ta t ion  problem t h a t  provided the  motivation f o r  these sttidies. 
Hunten considered t h i s  problem and corac2.uded that direct, exc i ta t ion  
of t h e  sodium by energetic e lec t rons  i s  untenable. 
for these e lec t rons  at t h e  aurora l  a l t i t u d e s  is overwhelmingly won 
by the much more abundant N molecules, which become vibra t iona l ly  
exci ted with large cross  section.39 
exc i ta t ion  of sodium arises through transfer of %he v sz 8 energy i n  
N 
t rons  w i t h  energy new 2.9 e.v.  at auroral altitudes, and t h e  cross 
sec t ion  f o r  t h e  production of N2 (v = 8)  by electron impact peaks 
at t h i s  energy. 
lower vibra t iona l  states, the pa r t i c ipa t ion  c:f these states vis 
coupled k ine t i c  energy supplying the reaction energy defect  i n  
aurora is remote unless cross sect ions for these phenomena are nuge. 
(The temperature of t h i s  environment i s  of order 200’K). 
aurora l  mechanism due to N2 ( v > 8) is  unattractive because 
v ib ra t iona l  exc i ta t ion  of N 
place w i t h  too small a cross  section.J9 
8 
The competition 
2 
Hunten’s p~oposal t h a t  t h e  
is possible  because there are a large mmbar s f  secondary elm- 2 
While e lec t rons  a t  these energies also can excite 
Also, an 
f o r  v > 8 by ele~trons appears t o  t a k e  2 
Evidently, Hunten’s 
890 proposal is v a l i d  only i f  t he  exc i ta t ion  cross sect ions a 
and CJ 
730 
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are sufficiently large to explain the observed aurora3 yellow 
emission. 
The exverimentslly determined excitation cross sections 
% 2  % 2 
% 98 and C J ~ , ~  c 3.5a ) of this study are in sharp contrast (‘7,O 
2 
with the cross section ( s  30g ) that Humten proposed for  explaining 
Na D auroral excitation. Even allowing for a possible overestimate 
7,O nor 8,Q are of his required rate, it appears that neither a 
sufficiently large to support the Hunten hypothesis. This conclusion 
existing in fhe cool auroral environments. 
VI. COIJCLUSXONS . 
At translational and vibrational temperatures of order 150COK 
0 and 3000 K respectively, the interconversion of energy between pure in- 
ternal modes of €I2, I), and 1J 
cient means of energy trmsfer. 
energy similarly, their behavior differs from that of M 
transfer for N 
by collision is more nearly identical to the electronic energy. 
2 and the sodium 3 P levels is the most effi- 2 2 
While H2 and D transfer pure internal 
This type of 
2 
2' 
tends to take place when the charSge of internal energy 2 
There is 
no such apparent preference in the case of H and D 2 2' 
For the previously stated experimental conditions when internal and 
translational energy combine to couple with electronic energy, the effi- 
ciency of transfer is about an Qrder of magnitude less than when internal 
and electronic modes couple alone. At least one hhlrd of the electrtnic 
energy transferred can come from translational in the case of the hydrogen 
isotopes, and at least one h a l f  can come from t,ransi.a+yion far nitrngen- 
sodium collisions. For the  hydrogen systems, t h e  efficiency via this 
mechanism appears to decrease when larger amounts of translational energy 
couple, whereas &ha efficiency for N 
energy contribut ions. 
appears to rise for greater k i m t i c :  2 
? The present; findings for the collisiaaal excitation of Na(3-P) 
2 are in general agreement with the results of Na(3 P) quenching experiments 
carried out in high temperature environments via microscopic reversibility 
arguments. 
experiment and. the Bauer et, al. theory exce.pt fr?r bhe thearetically 
predicted insignificance of internal energy and electronic energy resonance 
effects. There is slightly poorer 
For the N2 - Na system there i s  general agreement between 
209 
210 
agreement with the theary of Bjerre and Nik i t in .  
The excitation results for N applied to t h e  auroral 2 
sodium excitation problem suggest that Hunten's proposal is incorrect. 
Alternate mechanisms should be sought t o  explain the yellow enission 
of type B aurora. 
APPENDIX 2A 
APPARATUS DIMENSIONS 
The essen-kial. dimensions for the sodium excitation experiments 
appear in Tables 2A.1. and 2A.2. 
in F i g ,  2A.1. 
unless otherwise specified. 
The literal definitions are illustrated 
Dimensions designated by d refer %a circular  diameter 
TABLE 2A.l 
Basic Configuration. 
r,l 
I 
I 
._ 
:cm' 
.20 
.68 
I 
! 
I 
I 
i 
! .84 , 
05 
75 
.8 
5 
3. 
3" * 
0 
crn 
1, 5 
2.5 
3.9 
2.4 
9.7 
2.8 
*Two holes placed . 3  cm ayart. 
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a 
al 
al c 
t- 
a l <  
E 
0 
c 
O 
L 
fi 
- 
al 
al 
c 
3 
L 
(4 a 
a 
O r  
2 :  
L 
c 
0 
u 
a8 
al 
- 
v, 
k e 
U 
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TABLE 2A.2 
Velocity Selected Configuration. 
cm -- - _-- --  - - - -  - - .----- __I_ ~- _. 
I i 
dl 13 Il. 
I;, d2 
"4 
d3 
d e* I *25 X 050 z 
.20 
3 I 35 3, 
.2 3 .50 dk+* 
5 5 
2.5 
8.0 
2.4 
9.7 
APPENDIX 2B. EXALUATION OF Ss FROM THE KNOWN 
CROSS SECTION FOR RESONANT ABSORPTIOB FLUORESCENCE. 
In the basic configuration when the sodium absorption ce l l  
is at room temperature, large sodium I) signals are measured when the 
molecular source is heated and the moleauPar beam is turned off .  
These s ignals ,  as noted i n  Section IT, are due to resonant, absorption- 
fluorescence of black- Sody furnace Light; by the target sodium atoms. 
These signals can be calculated via (23.11. 
e(@) represents the  geometrical, optical transmission and detection 
ef f ic iency  factors for sodiim D; G { W )  is  the t a t s1  cross sect ion f o r  
resonance-fl~~orescence; I ( w  )d ais thc. black-oody photon fk ix  inc i -  
dent upon the target region between s n g u i a ~  Erv?quencies w and w + d (I) ; 
is the atom target, number d e n s i t y ;  and x is the target path I.sngtk 
“2 
for the photons. 
carried out for  the apparatus previousiy described. 
The sum over both dodblet lirdes (D,, D21 must be 
Assuming the fluorescence to bc is3tropic, the total cross 
40 sect ion,  a(@)$  for ttjs process is given by (2~.21. 
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where X anduo %re the resonan% wavelength and frequency, respec- 
tively; I" = Wko}'r is the Lorentz line shape half width, and t 
I'-l is  the lifetime. 
for I&)&, Ss becomes (2B.3). 
0 
Combining (2B.L) with (2B.2) and substituting 
A 
angle 
is the tungsten furnace &pertwe area; dR, is photon flux s o l i d  1 d 
The resonant; term in the integrand af (28.?,) changes rapidly 
compared to the other w dependent terms. The fnDegra3 therefore 
is  carried o i a t  with these terms traat,ed as constants. It is  readily 
shown that insignif icant  error is introduced by conveniently 
ext;ending the 1hit.s of integration imposed by eCw) to the region 
0 L W  < a. Under these assumptions and s i txa  e '+''/kT1 >> 1, (23.4) 
followq. 
AV is  the reaction region u~limme and L Is %hs distance be5ween 
tungsten furnace snd reaction region. 
if  Doppler absorption is considered. 
This re su l t  is val id  even 
31 
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2 and P and the The excited state designations are 2p312 
1/2 
2 ground state designation is Sl,2, neglecting nuclear spin, 5.:  
The substitution of ( 2 3 . 5 )  i n t o  (2B.4) complet.es the evaluation 
of ss. 
APPENDIX 2C. EXPERIMENTAL DETERYINATION OF THE 
REACTION RATE CONSTANT. 
As noted in Section 11, the ratio of reactive-to-scattered 
furnace light signals can be used to approximate the reaction 
rate constant. Considering the expression for signals due to 
reaction, (26.11, and taking the ratio of ( 2 C . i )  and (2B.4$3(2C.2) 
results. Refer to Appendix 2B for symbol definitions. 
SR - e n1n2 iff kr (2c.1) 
(2c.2) 
The left side of (2C.2) is experimentally determined directly as 
are L and Al, the distance between the furnace  and reaction region 
and the furnace aperture area, respectively, The reaction region 
number density, n can be experimentally determined indirectly 
by equating the molecular pwtiele flux passing through the reaction 
region to the experimental chambcr exhalistion rate 
1 
Ap3 s3 n =  1 
A2 'B (2C.3) 
This technique requires the measurement of AP,, the experimental 
chamber pressure difference when the molecular beam is turned off, 
and of S 
3 
the diffusion pumping speed for the particular molecular 3' 
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gas. 
ahamber pressure t i m e  constant,  a technique previously described 
by K a ~ p p i 1 a . l ~  The reac t ion  region cross sec t iona l  area, A2, is 
r ead i ly  determinable v i a  geometry and knowledge of t h e  primary beam 
apertures  (Tables 2A.l). The average beam veloc i ty  is  readi ly  cal-  
culated via (2C.3). 
The latter is r ead i ly  determined by measuring the experimental 
The inverse of the sodium D lifetime, I', is known from t h e  work of 
7 -3. Demtroeder2' t o  be 1.49 JC 10 sec1 . 
This technique has been util . ized only 2n t h e  aa l ib ra t ion  of 
nitrogen on sodium. 
deuterium on sodium fo1.1ows from tihe nitrogen ca l ib ra t ion  via 
The ca l ib ra t ion  of mo1ecular hydrogen and 
r e l a t i v e  signal. measurements corrected for equal reaction reaion 
number dens i t i e s  between the respective ~ p e c i ~ s ~  8 8  discussed i n  
Section IT. 
APPENDIX 2D. ANALYSIS OF THE EXCITATION RESULTS. 
There are two basic mathematical approaches ava i lab le  for  
the  ana lys i s  of either of t h e  two exc i ta t ion  experiments. One 
approach is t o  attempt t o  ex t r ac t  t he  cross sec t ion  D ( E , vr) 
d i r e c t l y  by an operat ional  mathematical approach t a  inver t  t he  
measured s igna ls .  The second method is to pas tu la te  cross  sec t ions  
t ha t  hopefully are physical ly  meaningful, t o  calculate t h e  exper- 
imental consequences of these cross seqt ions,  and to compare t h e  
calculated r e s u l t s  with experiment. Considering the  experimental 
s i t u a t i o n  and the  f a c t  t h a t  previous t h e o r e t i c a l  and experimental 
s tud ies  can assist  i n  t h e  selection of reasonable cross sec t ion  
energy dependences, t he  second method has bean chosen as the  method 
of attack fo r  each experiment, 
For t h i s  
has been chosen 
Sect ion V where 
cross  sect ion.  
Indirect; 
method of apalysis  a s i m p l e  separable a( E 
which does not contain ro t a t iona l  energy. 
eqtaations (2,17), (2.21) and (2.22) define t h i s  
vr) 
See 
the hydrogen-sodium system uomes from a quenching experiment. per- 
formed by Hansox~ .~~  
aross sec t ion  for Na(3 P) a r i s i n g  from t h e  photo-diasociation of 
I n t h i s  experiment t he  effective quenching 
2 
the  sodium iodide mo.l.ecule was determined 818 a Pcrrzction of the 
sodium atom energy by measuring the D line radiation. 
t i es  of t h e  exci ted sodium atcams after d issoc ia t ion  wera determined 
The veloci-  
fpom experimentally gained knowledge of t h e  ragtalslive potentia31 CUFW 
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for  an excited sodium atom and a normal iodine atom. Hanson found 
t h e  quenching cross sec t ion  t o  be ve loc i ty  independent between t h e  
ve loc i t i e s  2.6 t o  3.1 x 10 cm/sec. MicroscopiG r e v e r s i b i l i t y  
applied t o  such an  energly dependence for quenching implies t h e  
exc i t a t ion  crasq sec t ion  (2.22) 
5 
Hanson's r e s u l t  of quenching C ~ F Q S S  sec t ion  energy indepen- 
dence was la ter  ve r i f i ed  by an experiment carried aut i n  flame by 
Jenkins. 32 
Maxwell-Boltzrnann veloui ty  d i s t r ibu t ions ,  the  e f f ec t ive  quenching 
cross  sec t ion  was found t o  be temperature jndependent over t he  
range 1600 to 1800°K. 
t h a t  of Hanson. 
30 t h i s  experiment i n  which the  reac tan ts  possessed 
Jenkins 's  C F ~ S S  S ~ G ~ ~ O I X  is i n  agreement w i t h  
There is not unanimous support for C ~ Q S S  sec t ion  (2.221, 
however, 
inves t iga tors  a t  lower average impact velocit ies  ( c  2 x 10 
coupled with those aP Hansonand Jenkins suggest an. exci ta t ion  C ~ O S S  
sec t ion  t h a t  rises at iou energies more slowly than t h e  inverse of 
the  average re la t ive energy for t h e  quanohing co l l i s ions .  Such an 
exc i t a t ion  CTQSS sec t ion  can be approximated by t he  simple s t e p  
funct ion exceeding the energy required fQr exci t ing  co l l i s ions .  
is the  sole support fo r  a cross  sec t ion  of form (2.21). 
The bulk quenching d a t a  of Norrish and Smith3' and o ther  
5 cm/secl 
This 
Experimental support fur an N excitation cross sec t ion  of form 2 
(2.22) cmnes slso frcm the  quenching experiments of Jenkins; t h e  
quenching cross sec t ion  f a r  N2 was also found to be temperature 
independent. The t heg re t i ca l  support for  applicability of t h i s  
cross section to N2 comes from the recent calsul.ations of B a u ~ r ,  
221 
Fisher  and Gi1more. 35 They have reported energy independent 
e f f ec t ive  quenching cross  sec t ions  for N2 ending up i n  any of 8 
v ib ra t iona l  stakes. 
When (2.17) is inser ted  i n t o  (2.4), t he  rate constants far 
the  basic  and v e l o c i t y a e l e c t e d  config3wakions expressed as a 
funct ion of expesimentu variables Decorne (2D.J.l. 
c 
v 
z 
V ’  
Variables TI and Vo are defined as t h e  tungsten furnace temperature 
and t h e  ve loc i ty  selector nominal velocit.y, respectively. The 
k ine t i c  factor for the basic configuration is expressed i n  (2D.2); 
t ha t  for the  velocity-selected experiment is expressed in (2D. 3 )  
where B(VO, V,) is t h e  ve loc i ty  selector pass-band func t ion  (see 
Section IIIF). These factors carry a vibra t iona l  state aubscrlpt 
because t h e  cross  sect ions f o r  t he  par t ic ipa t ion  sf each dv 
d i f f e r  by conservation of energy considerations. 
The way i n  which energy considerations give rise t o  d i f f e ren t  
k ine t i c  energy dependent cross sect ions can be i l l u s t r a t e d  by a 
generalized example. 
l e t  m represent t h e  number of v ibra t iona l  quanta that must be 
transferred t o  t h e  sodium 3p electron i n  order t h a t  exc i ta t ion  i s  
energet ical ly  allowed. 
from in t e rna l  energy, t h e  cross  sect ion should allow co l l i s ions  of 
Ignoring anharmonicity of vibra t iona l  states, 
Since a11 of the exci ta t ion  energy comes 
all  beam r e l a t i v e  ve loc i t i e s  (ac t iva t ion  energy considerations are 
ignored). Evidently, t h i s  CTQSS sect inn is appropriate for all 
i n i t i a l  v ibra t iona l  states Y Lm. 
when only Av = m - n quanta go i n to  react ion where n 
cross  sect ion must exclude co l l i s ions  lacking center-of-mass k ine t ic  
energy at least as large as n quanta of vibrat ion energy. 
i n i t i a l  v ibra t iona l  states allowed for  these solliisians are 
v ~ m  - n. 
derive from other  conservation principles. 
If the reac t ion  can take place 
m, %hen the  
The 
I n  t h i s  analysis  no other cross sect ion r e s t r i c t i o n s  
The e f f ec t ive  rate constant for either of the  two experiments 
(2D.l) can be expanded i n  8 more luc id  form when these simple 
energy r e s t r i c t i o n s  are applied. 
urat ion , the sate becanes (2D. 4 ) . 
I n  t h e  case of t he  basic config- 
223 
. 
+ .  . 
The rete expression f o r  the v e l o c i t y a e l e c t e d  experiment is obtained 
by subs t i t u t ing  Qbv factors i n  place of PAv. 
been neglected, t he  kinetic f ac to r s  €or v ibra t iona l  t r ans i t i ons  of constant 
Since anhaxmonicity has 
Av have been taken to be equal; they are 
(2D.4). 
therefore  shown factored i n  
It is apparent from (2D.4) t h a t  signah measured i n  tnese two 
experiments can be a very complex superposit ion of d i f f e ren t  v ibra t iona l  
transitions but some information can be extracted. Theprecise procedure 
employed for t h e  present experiments appears i n  Section J. 
Steps ( A )  and (C) of t h e  analytical. recipe appearing i n  Section 
V involve the cdxulation of the QAv(Vo, T 1 and P 
The manner i n  which the  P 
Appendix 2D Section 1. 
l a t e d  is described i n  Appendix 21) See%ion 2. 
(I: 1 respect ively.  a hv 1 
(T 1 have been cal.cuLat,ed is described i n  Av 1 
The way i n  which the  Q (V ,T ) kieve been calcu- 
&$is G 3, 
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1. Evaluation of the  Kinetic Factors for t h e  Basic 
Configuration. 
The evaluation of P (T >, (20.21, (and the weight f ac to r  
bv 1 
expression (lB.32)used i n  t h e  analysis  a f  t h e  D + H 
can be carr ied out  once f($ ) f(?2)dfi d$ 
r e l a t i v e  veloci ty .  
study) 2 
is expressed i n  terms of 1 1 2  
This  combined d i s t r ibu t ion  function for two 
crossed Maxwellian C ~ Q S S  beams I ( v  
of t h e  r e l a t i v e  ve loc i ty  snd I is the  r e l a t i v e  ve loc i ty  vector 
angle between v and $ is well Xtn~wn. r 1. 
Y )  (where vr is t h e  magnitude r' 
2. 41 
The beam veloci ty  d i s t r ibu t ion  functf-sns are defined as 
where 
is t h e  temperature sf t he  ith beam particles 
u = mi/2kTie m is t h e  mass of the ith beam particles, Ti i i 
W 
i f(vi)dvi = 1 
0 
i = 1, 2. 
m a a  
fG1)fEiF)dff at; 
= ;T /2 
1 2' The combined probabi l i ty ,  
vl=Q B 2 4  
i s  readi ly  transformed i n  any case to the form I(vr ,I 1Ci.s; 
vr=0 Y=Q 
A. \ 2. 
dY = 1. 
mation of ve loc i ty  d i f f e r e n t i a l s .  Y x= cos Y, v2 5 v sin Y 
For t h e  spec ia l  case 9 VI." V P p  ( a " 8 a  gives the transfar- 
a . r  P 
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a b 1 ,  vz) 
a h r ,  Y )  
dvldv2 = dvr dY = v dvr dY (2D.3) r 
The transformed probability density, (2D. 18) falk~ws immediately 
from definit ions (2D.9) a v2 where 1 A. r 
226 
I is the firs% order modified Beasel func t ion  a%' t he  first Bind.  
(T 1 required in the data analysis 
have been calculated by numerically i ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~  (2D.2.2) using the 
Gaussian Quadrrz%ure formula (113.42.). 
carried out ~n %he IBM 7890 were found tca be accurate to more t h a n  
4 significant digiza. 
1 
The k i n e t i c  factors P nv 1 
The 316 pa in t  integrat ions 
2. Evaluat;ion of the Kinetic Factors for the Velocity-Selected 
Configuration e 
T h e  evaluation of QAv(Vo9 T in (20.3) can be performed a 
(T  ) but with a f e w  minor complications, similarly as P 
the piecewise .?atrare ~f B(V v ) defined i n  Section XIIF, (2D.13) 
results when (2.14) fa inserted into (29.3) before %he transfoma- 
Considering Av 1 
0' 1 
tion to v I coordinates is carried out. r' 
v = Yo a 
v + Y  a b  w h e r e  V = 
2 
Y v r 
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contains an a d d i t i o n d  vr cos Y i n  excess of t h e  integrand of (2D.14). 
This more complicated integrand has been expressed i n  terms of 
(2D.13) and (2D.14) because (2D.14) is the more easily evaluated 
when RAv(vr) is proportional t o  even powers of v e It happens i n  
such a s i t u a t i o n  tha t  one of the  two in tegra t ions  of (22.1.41, the 
v in tegra t ion ,  can be r ead i ly  car r ied  out enalyt ical ly ,  thus 
avoiding the need of performing any dsuble nmericai in tegra t ions  
when (2D.3) is evaluated. 
r 
r 
- 
 he approximated terms of (2D.13), thase containing V ,  
result from the f a c t  t h a t  t h e  mobecular be= veiocily distribution 
coordinates Is carsfed out., 
Ekpression (2D,15] is a gund a p p ~ ~ ~ i ~ s i l k ~  becsaxse %he veloci ty  
extrema i n  t h e  velocity se l ec to r  pass-band, v 
greatly from v 
s m a l l  e r r ~ r  indeed after the integration i s  carried out. 
and v do not differ a b' - 
The r e p l a c ~ ~ e n t  of one v, by V implies i8 very 3." I 
The evaluation of (2D.14) is st raight  forward once the limits 
of in tegra t ion  are determined. 
transmitted by the velocity selector are v and vas respect ively,  b 
and this t ransmit ted d i s t r i b u t i o n  of speeds is  f'd6wi with a 
complete Maxwellian distribution far &he crossed beam, the cambin%- 
When the maximmi and minimarm speeds 
t i o n s  of v and Y t h a t  a r e  possible  candidates fo r  c o l l i s i o n  are 
those represented i n  Fig.  2D.1 which l i e  between the curves 
r 
v = v sec Y and Y = v sec I, Q 5 I L n 12. A minimum relative r b  r a 
c o l l i s i o n  ve loc i ty  VR t h a t  en ters  v i a  the cross sect ion fu r the r  
Q 
l i m i t s  t h e  scmbinakians of v and Y which deserve consideration. 
Evidently, evaluation of (2D.14) should proceed accordbg t o  (2D.353 
r 
Y = l i  v =v 
Ro 
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y? ( radians 1 
Figure 2D.1. Diagram that generally illustrates the v , Y 
region t h a t  must be cansidered i n  %he v.e.~ocity- r 
selected experiment, 
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F Q ~  cross sec t ion  velocity dependence (2.21) .) I(Ymin9 Y 1 m a x  
and KfYmin9 ymax, 61) w e  defined by (2D. 18) and (2D.19) respectively, 
232 
2 c c VR 
l o  
" 2  
s 2 z - 2 c  g d  min z 
There are three different cases %ha% must be considered when 
is determined; I can be chosen arbitrary $0 insure  t h a t  'min wax 
all significant contributions from t h e  i n t e g r a ~ d a  of (2D.183, 
(2D.191, (2D.20) and ( 2 D . a )  have been sunaed, The three cases 
are l is ted in 62D.22). 
yi = arc cos ! v /v 2 .- a Ro 
Y1 = 0 
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The a c t u a l  evaluation of (2D.13) v i a  (2D.171, (2D.18), 
(2D.l9), (2D. 20) , and ( 2D. 21) employing conditions (2D. 22) has 
been car r ied  out numerically on the IBM 7090 computer using 
Gaussian Quadrature f o r  n = 16. The program was set up to choose 
the  largest  Ymax for which all i n t eg ra l s  could be evaluated without 
causing an underflow. 
demonstrated t h a t  QAv(Vo, T1) had converged to mor@ than three 
significant digits at a l l  V and T at which calculat ions were 0 1 
performed fer €I2, D 
Arbi t rary manipulation of Ymax in the prsgrtm 
and N2. 2 
Partial resu l t s  of the calculated f3Av,o(=Q.v(Vo, TI). 
e - +TI 
fop cross secticjrr velocity dependence (2.21) appear in 
c e- E JkTl -1 
Figs. 2D.2, 2D.3, 23.4 and 20.5. Those for (2.22) appear i n  Figs. 
2' 
211.6, 2D.7, 2D.8 and 2D.g. The calculations sf  6 for H 
5 3 0  
for B and S B s 0  far N are necessarily identical far either 
The curves appearing on s~ccreeding pages have 
'7,O 2 2 
(2.21) o r  (2.22).  
as described i n  Section V. 
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